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SUMMARY 
An impediment to widespread adoption of photovoltaics as an alternative to traditional 
energy sources is the high cost of solar cells, which use single (mono-Si) or multi (mc-Si) 
crystalline silicon wafers as substrates. The wafers are cut from silicon ingots using the 
wire sawing process, which is an expensive step in the solar cell manufacturing process. 
To reduce the cost of solar cells, low-cost, thin silicon wafers of superior surface quality 
and strength are needed. Recent industry trends indicate a shift from the traditional loose 
abrasive slurry (LAS) sawing to the new fixed abrasive diamond wire sawing (DWS) 
process for slicing silicon wafers, with higher productivity, reduced kerf-loss, thinner 
substrates that save material, and reduced environmental impact through the use of water-
based cutting fluids. However, fundamental research to advance the scientific 
understanding of DWS is lacking.  
This dissertation aims to develop a fundamental understanding of diamond wire sawing 
of crystallographically complex silicon. An open problem in DWS of silicon wafers is how 
the abrasive grits fixed to the core wire can be engineered to produce favorable surface and 
subsurface properties, which can reduce processing time and resources in addition to 
enhancing the mechanical strength of the solar cell substrate. Systematic experimental and 
analytical studies of the effects of abrasive shape are conducted on both mono and mc-Si 
materials. It is found that rounder abrasive shapes reduce the surface and subsurface 
damage in both mono and mc-Si, while the scribed surface morphology is affected only in 
the vicinity of the mc-Si grain and twin boundaries. 
 xxii 
Diamond wire is an expensive consumable for silicon wafer manufacturers, and the 
wear of the wire affects the quality of the sawn wafers. The effect of wear of the diamond 
wire on the surface and subsurface damage, and on the mechanical strength of the resulting 
mono-crystalline silicon wafers are evaluated and compared with results for a new wire. 
Results show that, with increased wire wear, the wafers exhibit greater evidence of ductile 
removal, lower surface roughness, fewer but slightly deeper subsurface cracks, and lower 
average fracture strength. 
 Moreover, cutting multi-crystalline silicon (mc-Si) by DWS has a known limitation of 
higher consumption of the expensive diamond wire compared to mono-crystalline silicon. 
Multi-crystalline silicon is less expensive than mono-crystalline silicon and is therefore 
expected to enhance the affordability of solar photovoltaic energy. In spite of the 
advantages of DWS and the lower cost of multi-crystalline silicon, lack of fundamental 
knowledge of the DWS process for multi-crystalline silicon is a limiting factor for 
widespread practical application. Hence, systematic diamond scribing studies are 
conducted to find the effect of mc-Si on diamond wear. Results show that the scribing 
forces are higher when scribing mc-Si than when scribing mono-Si. The higher forces also 
correspond to a higher rate of increase in the diamond tip’s radius of curvature with scribing 
distance, as well as higher residual stresses in the diamond (suggesting stress-induced 
phase transformation of diamond) compared to scribing of mono-Si. 
In DWS, a water-based cutting fluid is used as a coolant and lubricant for cutting the 
silicon. This thesis investigates  an unexplored aspect of the role of cutting fluid, namely, 
the effect of cutting fluid on the mode of material removal (ductile versus brittle) in 
diamond wire sawing of mono-crystalline silicon (mono-Si). Results show that the chemo-
 xxiii 
mechanical effect of the cutting fluid promotes ductile mode material removal, thereby 
reducing the cutting damage. 
The fundamental knowledge derived from this thesis will be useful in guiding future 
development and optimization of the DWS process to cut brittle materials, including multi-







CHAPTER 1. INTRODUCTION 
This chapter introduces the background of this dissertation on wire sawing of 
silicon for photovoltaic applications. The fundamentals of wire sawing processes will be 
discussed, followed by research objectives and approaches investigated in this study. At 
the end of this chapter, the outline of this dissertation will be presented. 
1.1 Slicing Crystalline Silicon for Solar Cells  
The sun radiates more energy every hour than we use in a year [1]. Faced with 
growing energy demands, shrinking reserves of conventional energy sources, and 
increasing environmental concerns, researchers have pursued solar energy as a viable 
solution. One of the most efficient ways of harnessing solar energy is using photovoltaic 
solar cells. Solar cells offer an optimum mix of modularity, distributed grid, and lower 
capital investment compared to the other renewable and clean energy sources [1]. Yet, 
statistics show that less than 1% of the total electricity produced in the US comes from 
solar cells [2], primarily due to their high cost of manufacturing compared to other sources.  
Crystalline silicon (c-Si) wafers form the bulk substrate material of these solar cells. 
Up to 40% of the cost of silicon solar cells come from the silicon wafer substrates [3-5]. 
Material cost can be reduced by making and utilizing thinner wafers as substrates. 
However, thinner silicon wafers are more susceptible to breakage due to stresses applied 
during handling and processing steps used to manufacture solar cells. Yet, there has been 
an increase in the demand for thinner wafers in order to lower material cost. Hence, there 
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is a critical need to address the problem of manufacturing thin silicon wafers with increased 
mechanical strength.   
Photovoltaic silicon wafers are manufactured using wire sawing processes, which slice 
single crystal silicon ingots or multi-crystalline silicon (mc-Si) ingots into thin wafers 
before they are processed into solar cells. Current high-volume manufacturing of thin (≤ 
180 µm), large area (standard size 156 x 156 mm2) silicon wafers consists primarily of the 
loose abrasive slurry sawing (LAS) process, which is characterized by lower productivity, 
environmental concerns, and greater material (kerf) loss compared to the rapidly emerging 
fixed abrasive diamond wire sawing (DWS) process, which promises higher cutting rates, 
reduced kerf-loss, thinner wafers, and reduced environmental concerns due to its use of 
water based cutting fluids and easier recyclability of silicon debris. While LAS utilizes a 
bare stainless steel wire and loose SiC particles contained in a polyethylene glycol-based 
cutting fluid medium to remove material, DWS uses a thin layer of diamond grits bonded 
to a stainless steel core wire using electroplated nickel or a resin bond and a water-based 
cutting fluid as coolant and lubricant (Figure 1.1). Material removal in LAS is 
predominantly through a three-body abrasion mechanism as opposed to a two-body 
abrasion mechanism in DWS. As shown in Figure 1.2, LAS follows the “rolling 
indentation” model, whereas DWS cuts silicon by “plastic ploughing” and “brittle chip-
off” involved in a scratching process [5]. The International Technology Roadmap for 
Photovoltaic (ITRPV) forecasts significant growth in the use of DWS process (Figure 1.3 
and Figure 1.4), due to its potential advantages over the LAS process [6].  In diamond wire 
sawing, the side walls of the kerf cut by the diamond wire form the final surfaces of the 
wafers, as shown in Figure 1.5. 
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Figure 1.1. (a) Loose abrasive slurry sawing process (LAS) [7], (b) Fixed abrasive 
diamond wire sawing (DWS) [8]. 
 





Silicon feed direction 
Wire travel 





Figure 1.3: Market share of wafering technologies, with growth in diamond wire sawing 
(both electroplated and resin bonded diamonds) [6]. 
 
Figure 1.4:  Projected trends for productivity with diamond wire sawing versus slurry 
based wire sawing [6].  
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Figure 1.5: (a) Schematic showing kerf in diamond wire sawing, (b) SEM image of kerf 
(courtesy Dr. Steven Danyluk), (c) Side wall of the kerf forming the final surface of the 
sliced wafer shows scratches made by the abrasives during material removal. 
1.2 Technical Challenges and Research Objectives  
The fundamental understanding of the complex DWS process is limited. In 
particular, detailed knowledge of the effects of DWS process variables such as abrasive 
shape and material microstructure (e.g. mono vs mc-Si) on the material removal mode, 
surface and sub-surface damage, effect of the cutting fluid on the material removal mode, 
and wear of the diamond wire are lacking. Hence, the goal of this research is to obtain 
fundamental scientific understanding of the complex DWS process to enable efficient 
manufacturing of high quality, low-cost photovoltaic silicon wafers made from micro-
structurally complex brittle crystalline silicon materials. Evidence shows that the 
mechanical properties, especially the strength of sliced silicon wafers, depend on the wafer 
5 µm 
(b) (a) (c) 
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surface and subsurface condition [9]. The surfaces and sub-surfaces of as-cut wafers exhibit 
saw damage in the form of grooves, pits, and micro-cracks [10]. It is therefore critical that 
the slicing process be optimized to obtain thinner wafers with adequate mechanical strength 
by minimizing the surface and sub-surface damage (sub-surface cracks, pressure induced 
phase transformation, and dislocations) by developing a fundamental understanding of the 
process variables that affect the resulting wafer quality. The surface and subsurface damage 
in the DWS process depends on a number of process and material-related factors such as 
the abrasive characteristics, cutting conditions, cutting fluid, defect structures in silicon, 
etc.).  
Silicon is known to undergo stress induced phase transformation, which causes the 
brittle silicon to transform from its diamond cubic structure to a meta-stable metallic phase 
at low depths of cut. Numerous researchers have worked on the ductile machining of silicon 
using diamond turning [11, 12]. However, the ductile behavior of silicon in wire sawing of 
wafers with reduced surface and subsurface damage is not fully understood. In particular, 
the following specific aspects of the DWS process on surface and subsurface damage 
produced are not well-understood: effect of diamond abrasive shape, cutting fluid crystal 
structure of the substrate silicon material, and wear of the diamond wire. 
Another way of reducing material cost of solar cells is by using multi-crystalline 
silicon (mc-Si) material for the silicon wafer substrates, which is significantly less 
expensive than mono-crystalline silicon [6, 13]. The impediment to using multi-crystalline 
solar cells comes from reduced electrical efficiencies due to the presence of impurities and 
defect structures such as inclusions and increased dislocation density, specifically at the 
grain boundaries of mc-Si compared to mono-crystalline Si (mono-Si), which leads to 
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unfavorable minority carrier lifetimes [14]. However, the economic gains derived from 
using mc-Si are lucrative compared to using mono-Si. Hence, with the availability of large 
areas for solar flux capture, mc-Si is preferred over mono-Si for the solar cell substrates 
for utility scale solar installations [6]. Mono-Si still has applications where the area/weight 
of the solar cell modules is more critical, like satellites and spacecrafts. However, there are 
practical challenges in slicing of microstructurally complex multi-crystalline silicon by the 
diamond wire sawing process, such as lower manufacturing yield of wafers and higher 
consumption of the diamond wire during wafer slicing [15].  
Thus, gaps in fundamental understanding of diamond wire sawing of crystalline 
silicon include the effects of the actual abrasive grit shapes on the diamond wire, effect of 
the microstructurally complex multi-crystalline silicon material, effect of the cutting fluid, 
and wear of the diamond abrasive wire. The underlying hypothesis of this thesis is that 
through the fundamental understanding derived from this research, the surface and sub-
surface damage in diamond wire sawing of mono-Si and microstructurally complex mc-Si 
can be minimized by suitably tailoring the diamond grit shape and its wear characteristics, 
and by engineering the chemical composition of the cutting fluid. Hence, the following 
research objectives are formulated for this thesis: 
1.  Understand the effects of actual abrasive grit shapes on the surface and subsurface 
damage produced in scribing of mono- and multi-crystalline silicon. 
2.  Understand the effect of wear of abrasive grits on the surface quality and the mechanical 
integrity of sliced wafers.  
3.  Understand the effect of multi-crystalline silicon on the wear of diamond in DWS. 
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4. Understand the chemo-mechanical effect of cutting fluid in scribing silicon 
1.3 Dissertation Outline 
Following the introduction to the thesis presented in this chapter, Chapter 2 presents 
a literature review of the relevant aspects of wire sawing of silicon wafers including 
indentation and scribing of brittle materials, stress-induced phase transformation of silicon 
and ductile-brittle transition in silicon cutting, effect of defects in multi-crystalline silicon 
on cutting, the wear of abrasives in cutting of brittle materials, and the effect of fluids in 
scribing of silicon.  
Chapter 3 presents a fundamental study of the effect of actual (non-idealized) 
abrasive grits of varying shapes fixed to the diamond wire on the surface and subsurface 
damage produced in scribing of both mono and multi-crystalline silicon. The effect of 
abrasive shape is determined by comparing the critical depth of cut, which is the depth at 
which the first crack appears in diamond scribing of silicon with a gradually increasing 
depth of cut. The effect of different abrasive shapes is validated with an analytical model 
from the literature. The surface and subsurface damage obtained with approximately round 
and sharp abrasive shapes in the diamond wire are analyzed. The effect of multi-crystalline 
silicon material is investigated by characterizing the surface morphology of scribes near 
and away from the grain boundaries. A detailed analysis and discussion of the results is 
presented in the chapter. 
Chapter 4 presents an analysis of the effects of wear of an industrial diamond 
abrasive wire used to slice mono-Si wafers on the resulting surface morphology, subsurface 
damage, and fracture strength. The wafers sliced by the new and used sections of the 
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diamond wire are analyzed for surface morphology by scanning electron microscopy 
(SEM) and laser confocal microscopy, the subsurface damage is evaluated in an SEM after 
focused ion-beam sectioning, and fracture strength of the wafers is determined from biaxial 
flexure tests. The results indicate that with wear of the diamond wire, surface damage is 
reduced but subsurface damage is increased (deeper cracks), leading to a decrease in the 
mechanical strength of the wafers.  
Chapter 5 analyzes the effect of the crystal structure (mc-Si versus mono-Si) on 
diamond wear produced in scribing tests. Wear of the diamond tools is monitored with 
increase in scribing distance, to determine the effect of mc-Si versus mono-Si on the 
diamond wear behavior. Diamond tip scribing of mc-Si creates higher forces, and more 
tool tip rounding due to wear compared to mono-Si. These results help in explaining the 
reason for higher wire consumption in diamond wire sawing of mc-Si compared to mono-
Si. 
Chapter 6 presents an analysis of the effect of cutting fluid in diamond scribing of 
silicon, where the chemo-mechanical effects of a water-based surfactant laden cutting fluid 
are shown to affect the ductile-to-brittle transition. The results are explained by the effect 
of the fluid on the surface charges produced in silicon (as indicated by zeta potential 
measurements), which influences the dislocation movement in silicon, thereby lowering 
the hardness of silicon and in turn promoting ductile mode material removal.  
Chapter 7 summarizes the main conclusions of the thesis and their implications for 
the design of diamond abrasives (shape), cutting fluid medium, and microstructural 
composition of silicon ingots for optimization of the fixed abrasive diamond wire sawing 
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process for both mono and multi-crystalline silicon materials. The chapter ends with 
recommendations for future work in fixed abrasive diamond wire sawing of silicon and 
other brittle materials.  
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CHAPTER 2. LITERATURE REVIEW 
This chapter presents the review of prior research reported in the literature on the 
fixed abrasive diamond wire sawing process, and related work on the associated material 
removal mechanisms. Specifically, the following aspects relevant to proposed work are 
reviewed: (i) Fixed abrasive diamond wire sawing process, (ii) Indentation and scribing of 
brittle materials, (iii) Phase transformation of silicon and ductile mode machining of brittle 
materials, (iv) Crystallographic defects and their effect on cutting performance, (v) Grit 
and wire wear in cutting of brittle materials, and (vi) Scribing of brittle materials in 
presence of fluids. Note that there are other aspects of diamond wire sawing (e.g. process 
dynamics) that are not covered as they are outside the scope of this dissertation’s research. 
Based on the prior knowledge, research objectives and specific research questions are 
formulated for this Ph.D. dissertation.  
2.1 Fixed Abrasive Wire Sawing  
Wafer slicing is one of the most expensive steps in the entire manufacturing process 
chain of photovoltaic silicon solar cells (at about 20-25 % of the total cost) [4-6]. Hence, 
there is a crucial need to develop more cost-effective wafer manufacturing methods that 
are characterized by higher productivity, lower kerf loss, and the ability to produce thinner 
wafers with superior surface quality and mechanical strength. While the loose abrasive 
slurry (LAS) process utilizes loose silicon carbide (SiC) particles in a polyethylene glycol-
based cutting fluid medium and a bare stainless steel wire web, the fixed abrasive diamond 
wire sawing (DWS) process utilizes a thin layer of diamond grits (mean size: 8-12 µm), 
often Ni-electroplated, on a thin (~120 µm core diameter) stainless steel wire and a water-
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based cutting fluid, which makes the process environmentally safer than the LAS process 
[16]. Figure 2.1 shows the two processes and corresponding material removal mechanisms. 
Figure 2.2 shows a typical DWS machine with a silicon ingot being sliced by the diamond 
wire wound in parallel over rollers. The cutting action in DWS involves two-body abrasion 
as opposed to the predominantly three-body abrasion mechanism in the LAS process [4, 
17, 18]. The DWS process is capable of higher (2 to 3X) material removal rates, lower 
silicon loss due to its smaller kerf, greater uniformity in wafer thickness [19], potentially 
less surface and sub-surface damage [16], and therefore lower wafer breakage rates and 
shorter texture-etch times [20]. Moreover, it permits easier recycling of costly Si particles 
and is therefore more sustainable in the long run than the LAS process [21, 22].  
 
Figure 2.1:  (a) Loose abrasive slurry sawing (LAS) [7], (b) Fixed abrasive diamond wire 
sawing (DWS) [8], and corresponding material removal mechanisms [16, 23]. 
(a) (b) 
Silicon feed direction 
Wire travel 






Figure 2.2: Slicing of a silicon brick using fixed abrasive diamond wire sawing (Image 
courtesy: Saint-Gobain Northboro R&D center). 
A comparison of LAS versus DWS for machining conditions and wafer production 
metrics is given in Table 2.1[16]. The sustainability comparison of DWS and LAS, with a 
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focus on the three pillars of sustainability (Environment, Society, and Economics) is given 
in Table 2.2 [16, 24, 25].  
Table 2.1: Comparison of typical wire slicing production conditions for LAS and DWS 
[26]. 
Feature LAS DWS 
Feed rate 0.42 mm/min 1.1 mm/min 
Cutting time 156mm X 156 
mm 
6.8 hours 2.8 hours 
Cutting time 125mm X 125 
mm 
5.6 hours 2.2 hours 
Wafer production capacity 
(156 mm square) 
6500 wafers/day 13800 wafers/day 
Wafer production capacity 
(125 mm square) 
7800 wafers/day 16100 wafers/day 





Table 2.2: Sustainability comparison of DWS and LAS processes 
 Diamond Wire Sawing (DWS) Loose Abrasive Slurry Sawing (LAS) 
Environment 
• Yields reduced kerf loss, thus 
saving material and preserving 
resources for the future. 
• Use of water-based cutting fluid 
reduces hazardous waste. 
• Yields smaller depth of damage, 
requiring fewer resources for post-
processing. 
• Promotes adoption of clean solar 
energy. 
• Higher kerf loss, thus more material use. 
• Use of polyethylene glycol (PEG) slurry 
increases hazardous waste. 
• Yields larger depth of damage, requiring 
more post-processing resources. 
 
Society 
• Reduced environmental damage 
and impact on public health.  
• Affordable clean energy for larger 
population. 
• Greater environmental damage and 
impact on public health. 
• Comparatively higher cost, hence less 
affordable and limited impact on people. 
Economics 
• Higher productivity (2X-3X 
cutting rates). 
• Stronger wafers, longer lifecycle. 
• Reducing cost of waste treatment. 
• Recyclability of silicon from 
water-based cutting fluid is 
cheaper. 
• Comparatively lower productivity.  
• Comparatively weaker wafers, leading to 
reduced lifecycle. 
• Higher cost of waste treatment. 




However, as noted earlier, fundamental scientific understanding of the DWS 
process is lacking. In particular, fundamental understanding of the impact of critical 
process variables such as diamond grit shape and its wear on the material removal 
mechanism (ductile vs. brittle), cut surface morphology and subsurface damage, as a 
function of the c-Si microstructure (e.g. crystal orientation, grain/twin boundaries, 
dislocation density variations), is inadequate. This knowledge is crucial for systematic 
optimization and effective application of the DWS process to manufacture high quality, 
low-cost wafer substrates for PV and other applications. Consequently, the proposed 
research seeks to investigate the micromechanical aspects of the DWS process through 
experimental and modeling efforts. 
2.2 Indentation and Scribing of Brittle Materials  
As described previously, the material removal mechanisms are different in DWS 
and LAS processes. The rolling-indentation process in LAS can be fundamentally studied 
using the indentation response of brittle materials, which shows evidence of micro-fracture 
beneath the indenter [27], as seen in Figure 2.3 [19, 28]. The DWS process is more readily 
approximated by the scratching action of an abrasive, and hence scribing studies of brittle 
materials are ideal for fundamentally study of the process [29-31].  
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Figure 2.3: SEM images of mc-Si wafer surfaces sawn by (a) slurry and (b) diamond 
wire; (c) and (d) are their corresponding topographical maps obtained by confocal 
microscopy [28]. 
Indenter-based scribing of brittle materials by Lawn et al. [32] revealed the 
formation of a system of micro-cracks – including median and radial crack systems in the 
subsurface, which show that the cracks are half penny shaped and arise from the elastic 
and plastic residual stress fields. The work of Marshall et al. showed that lateral cracks are 
produced by stresses generated while unloading the indenter [33], as shown Figure 2.4. 
Further studies of sliding micro-indentation of brittle materials by Ahn et al. [34] and Jing 
et al. [35] showed that the blister stress fields produced by inelastic deformation cause 
lateral cracks whereas the applied forces create median cracks (shown schematically in 





Figure 2.4: Material removal process through median/radial crack formation during 
loading and lateral cracks during unloading of abrasive-material interaction [27, 36]. 
 
Figure 2.5: Crack systems formed in sliding of sharp indenters on brittle materials, using 
blister stress field models (a) from reference [34] and (b) from reference [35]. 
(a) (b) 
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Recently, the scribing of multi-crystalline silicon by indenters of idealized shape 
was reported by Borrero et al. [37-39] who showed that grain boundaries locally alter the 
nature of damage by deflecting the cracks. While prior work on indentation and scribing 
studies, mostly on ceramics and brittle materials, provide useful knowledge, they are not 
adequate to predict the cutting behavior of c-Si materials used in photovoltaic solar cells 
due to the presence of complex abrasive shapes, differences in the size of idealized 
indenters and actual diamond abrasives, and the micro-structurally complex silicon 
material, especially mc-Si, due to its wide distribution of crystallographic orientations and 
defect structures. Hence, additional fundamental work on scribing of crystalline silicon 
materials with actual diamond abrasive shapes is needed. 
2.3 Ductile-to-brittle Transition in Cutting of Brittle Materials 
Crystalline silicon is known to be brittle, especially at room temperature. However, 
it is known to undergo phase transformation and ductile mode deformation when subjected 
to sufficient hydrostatic pressure [40]. As shown by Bifano et al., the ductile mode cutting 
of silicon depends on cutting parameters (e.g. speed, feed, depth of cut) and the crystal 
orientation of the substrate [11, 12]. Ductile cutting of brittle optical materials has also 
been investigated by Nakasuji [41] and Komanduri [42, 43]. Study of nanometric cutting 
of silicon and ductile mode material removal of mono-Si using molecular dynamics 
simulation was reported by Cai et al. [44], Komanduri [45] and more recently by Goel et 
al. [46]. The ductile behavior of silicon is hypothesized to be due to stress—induced phase 
transformation caused by a large compressive stress immediately in front of the scribe as 
it pushes and removes material [47-52]. While silicon has a diamond cubic structure (Si-I) 
at atmospheric pressure, it transforms into a crystalline or amorphous phase when subjected 
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to higher pressures [53]. During cutting, Si-I transforms into a metastable metallic β-Sn 
phase (Si-II), which is known to be ductile. As material removal progresses and unloading 
occurs, Si-II transforms into amorphous Si (a-Si) at the unloading rates characteristic of 
wire slicing [54-59]. The phase transformations of silicon are depicted schematically in 
Figure 2.6. Raman spectroscopy has shown that scratch marks on silicon wafers mostly 
consist of a-Si [60], as shown in Figure 2.7. This phase transformation is accompanied by 
~20% volume change [40] thus affecting the Si deformation and removal processes and 
subsequent residual stresses produced in the surface layers.  
 
 
Figure 2.6: Schematic representation of the phase transformations occurring in silicon 
under loading, unloading, and heat treatment [58] 
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Figure 2.7: Raman spectra of (a) chipped regions showing crystalline silicon, (b) inside 
the grooves show amorphous silicon, and (c) amorphous silicon superimposed on the 
optical micrograph of diamond sawn surface of silicon [60]. 
The effect of tool parameters like radius of curvature of the tool, and depth of cut 
is schematically shown in Figure 2.8. The critical depth for ductile-to-brittle transition in 
nano-scratching of mono-crystalline silicon using idealized indenter shapes was reported 
in [61] and is reproduced in Figure 2.9. For silicon, Budnitzki and Kuna presented a new 
phenomenological constitutive law developed using a thermo-mechanical framework [62]. 
This model captures both Si-I to Si-II phase transition upon compression and the Si-II to 
a-Si transition (most relevant to DWS) upon rapid decompression. Budnitzki and Kuna 
also compared the depth of transformed zone reported in multiple studies and found it to 
be in the range of 1-2 µm, as shown in Figure 2.10. With the help of available data for 
silicon phase transformation, the present thesis seeks to identify the abrasive parameters 
(i.e shape) that yield favorable stress conditions for ductile material removal during 
diamond wire sawing.  
 
(a) (b) (c) 
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Figure 2.8: (a) Cutting silicon in brittle and ductile modes with abrasive grain, (b) effect 
of the tool rake angle on phase transformation of silicon, (c) mechanism of stress induced 









Figure 2.9: Ductile-to-brittle transition in turning of silicon in ultraprecision turning [63], 
and in nano-scratch testing of single crystal silicon with increasing thrust force [61]. 
 
Figure 2.10: The depth of transformed layer in fundamental indentation 
experiments and TEM observations, as well as in numerical simulations [64]. 
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2.4 Crystallographic Orientation and Defects in mc-Si and Their Effect on Cutting  
Experiments have shown that crystallographic orientation of the substrate material 
impacts the surface roughness and cutting characteristics [31, 65]. As shown by Shibata et 
al. [50], ductile mode cutting of mono-Si in diamond turning depends on crystallographic 
orientation of the crystal, as shown in Figure 2.11. Crystallographic orientation of mono-
crystalline silicon affects the crack patterns as reported by Leu and Scattergood (see Figure 
2.12) [31].  
 
Figure 2.11: Surface morphology showing less pitting damage when turning was 
carried along [110] direction (for (a)) versus other cutting directions (b and c) [50].  
(a) (b) (c) 
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Figure 2.12: Crack patterns in different sliding and workpiece crystallographic directions 
for single crystal silicon [31]. 
Compared to single crystal silicon material, mc-Si material is cheaper [6, 13, 66-
68] and therefore finds significant use in PV solar cells. However, recent trends in PV 
wafer manufacturing show considerable difficulty in using the DWS process for mc-Si 
wafer sawing. Photovoltaic mc-Si is characterized by a number of crystallographic defects 
such as grain and twin boundaries, dislocations, hard precipitates and other impurities [13, 
14], which can significantly alter the cutting characteristics. However, the effects of such 
crystallographic defects in mc-Si on the cut surface morphology and subsurface damage 
are not fully understood. Prior work has shown that a correlation exists between the 
dislocation density and fracture toughness in quasi mono-Si or mono-like materials (a 
special type of mc-Si material), which can cause the cutting characteristics to be different 
in different regions of a single grain [69, 70]. Other work has investigated the effect of 
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carbide and nitride inclusions on the cutting characteristics of mc-Si material [71], as 
shown in Figure 2.13 and Figure 2.14. However, given that a mc-Si wafer has a large 
distribution of grain orientations with varying defect densities, more comprehensive studies 
of the effect of crystal orientation and defects such as grain and twin boundaries are 
needed. The present thesis therefore aims to fulfill this need. 
 
Figure 2.13: SEM images of silicon nitride (rod) and silicon carbide (filament)  
inclusions (a) before and (b) after scribing with diamond indenters [71]. 
 
Figure 2.14: Scribing through silicon nitride rod and the corresponding increase in 




2.5 Wear of Abrasive Grit and Diamond Wire in Cutting of Brittle Materials 
An advantage of DWS over LAS is related to differences in the wear characteristics 
of the wire. LAS involves three-body abrasion [4, 17, 72] involving the steel wire, the SiC 
grits, and silicon, leading to wear of the wire core. In comparison, DWS involves material 
removal by two-body abrasion where the core metal wire is less likely to be worn. Other 
multi-wire sawing processes involve abrasive based electrochemical methods [73], and 
resinous diamond wire [74]. In a previous study, electroplated diamond wire manufactured 
by felt brushes showed better wear resistance [75]. The phenomenon of diamond wire 
break-in during initiation of cutting and its effect on process performance were studied 
[76]. Based on the wire sawing conditions used, researchers have shown a reduction in the 
diamond density with increase in contact length [77], and lifetime estimation were also 
reported [78]. High stresses in cutting of brittle materials by DWS have been shown to 
induce graphitization of the diamond abrasives [79], as shown in Figure 2.15. Other studies 
of cutting single crystal silicon with diamond tools showed tool wear to influence the 
nanoscale ductile cutting behavior of silicon [80]. The effect of diamond tool wear, 
especially groove wear, was found to be significant on the nanoscale ductile cutting of 
silicon [80, 81].  
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Figure 2.15: (a) Confocal microscopy of the diamond abrasive taken from a fixed 
abrasive wire used to cut mono-crystalline silicon ingot. (b) Raman spectrum from 
location 1 shows diamond peak at 1332 cm-1, (c) Raman spectrum from location 2 
showing the graphitic peak (marked with G) [79].  
Wire dynamics and spooling of the wire can also scratch the electroplated nickel 
coating, which can be prevented by recently developed wire spooling solutions [82]. Wear 
of diamond during die separation of microelectronics MEMS devices has been also 
reported [83], as shown in Figure 2.16. Tool wear mechanisms in diamond turning of 
silicon consists of abrasive wear, adhesive wear, and micro-chipping [84], as shown in 
Figure 2.17.  







Figure 2.16: Wear of the tip of a scriber used for die separation of MEMS 
devices, (a) unused scriber tip, (b) after 56 m of wear on mono-crystalline silicon [83].  
 




Studies of single crystal diamond tool wear in machining (turning) of 
semiconductor grade mono-Si material show that gradual wear of the single crystal 
diamond tool occurs in ductile mode cutting while micro-chipping of the diamond occurs 
in brittle mode cutting [85], as shown in Figure 2.18. The crystallographic orientation of 
single crystal diamond tools is known to influence the wear of diamond tools, as seen in 
prior studies of diamond turning [86], and in scratching with diamond tools of specific 
crystallographic orientations [87]. However, the crystal orientations of diamond grits in a 
fixed abrasive diamond wire are not controlled, especially since the grits are produced by 
milling of natural or synthetic diamond. Molecular Dynamics (MD) simulations of 
scratching of a softer material such as silica have shown the wear of diamond to be due to 
the breaking of C-C bonds [88], which is attributed to mechano-chemical mechanisms of 
wear [89]. Wear of a diamond AFM tip when sliding on softer silicon has been reported 
[90]. In nanoscale cutting of silicon wafer by diamond turning, XPS analysis of the cut 
grooves revealed the formation of silicon carbide and diamond-like carbon particles with 
corresponding scratching and grooving wear of the diamond tool [84]. MD simulations of 
single point diamond turning of silicon also suggested the formation of silicon carbide [91]. 
However, Raman spectroscopy of abrasive grits used in the diamond wire sawing of silicon 






Figure 2.18: (a) SEM of cutting edge after brittle mode turning of mono-silicon by 
diamond tool for 1.27 km (top) and 7.62 km (bottom) showing microchipping on the rake 
and flank faces, (b) Cutting edge after ductile mode turning of mono-silicon after 1.27 km 








However, there is limited work on the wear behavior, mechanism, and 
characterization of diamond wires used in DWS and more importantly, their effect on the 
cut surface and sub-surface damage. On the other hand, studies of the LAS process have 
found more non-uniformity in wafer thickness with wear of SiC grits [92]. In the LAS 
process, with usage and wear, rounder and smaller grits tend to produce lower surface 
roughness [93]. In addition, the SiC grit size distribution was found to have a greater effect 
on the cutting characteristics than the grit shape [94]. Another recent study of the LAS 
process has shown that a bare steel wire with high ductility exhibits better wear resistance 
and minimizes wire breakage during the wafer slicing process [95]. Tensile tests of new 
and used wires show that the slicing force decreases with decreasing wire diameter [96]. 
Studies of the evolution of grit size in LAS [97] have shown that the grit size decreases 
while its circularity increases with cutting duration. While it is clear that detailed studies 
of the wear characteristics of the abrasive and wire in the LAS process have been 
conducted, scientific studies of diamond grit wear in the DWS process are lacking. 
Moreover, practical experience reported by wafer manufacturers suggests that wear of 
diamond wire has a significant effect on the cut surface and sub-surface damage. 
Manufacturers also report that the problem of wear is more acute (wire breakage and loss 
of productivity) while using DWS for mc-Si [15]. Hence, detailed studies of diamond 
grit/wire wear and its impact on the cut surface morphology and sub-surface damage are 
needed to provide the scientific basis for diamond wire optimization. Moreover, scientific 
knowledge of why there is higher consumption of the diamond wire when cutting mc-Si 
versus mono-Si is lacking. The present thesis seeks to address these needs. 
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2.6 Scribing of Brittle Materials in the Presence of Fluids  
In DWS, a water-based cutting fluid is used primarily as a coolant for cutting the 
silicon ingot with 8-20 m average diameter diamond abrasives attached to a high carbon 
steel wire with nickel coating. Fluids are known to influence the mechanical properties of 
solids they are in contact with. Prior work investigated the effects of ethanol, acetone, and 
deionized water in constant-depth scribing of monocrystalline (111) silicon [98-101], as 
shown in Figure 2.19.  
 
Figure 2.19: Scribe morphology of mono-silicon scribed in presence of (a) 
ethanol, (b) deionized water, and (c) acetone [100]. 
Various theories have been proposed to explain this “chemo-mechanical effect”. 
Research on chemo-mechanical effects dates back to the 1920s when Rebinder’s theory of 
reduction in the hardness of solids due to adsorbed chemical species was proposed [102]. 
Later, Westwood [103, 104] found the hardness of a solid and the zeta potential of the fluid 
in contact with the solid to be correlated. Zeta potential is the electrostatic potential 
between the Stern layer of the double layer at the liquid-solid interface and the bulk solution 
[105] (schematic in Figure 2.20).  




Figure 2.20: Zeta potential is the electrostatic potential between the Stern layer of 
the double layer at the liquid-solid interface and the bulk solution (image from Horiba 
scientific instruments). 
Westwood showed that a zero zeta potential corresponds to the maximum hardness 
of very brittle non-metals [103]. Yost and Williams [105] found that when intrinsic and 
doped (n- and p-type) silicon are exposed to NaCl and Na4P2O7, the minimum hardness is 
correlated with the most negative value of zeta potential. Yost and Williams explained that 
the change in hardness with zeta potential is due to the surface charges, which affect the 
near-surface mobility of dislocations. This explanation is based on prior work where 
charges produced by electronic doping influenced the dislocation velocities [106] and 
dislocation kink formation [107]. In another study, Westbrook and Gilman [108] reported 
softening of silicon by 60% during indentation in the presence of a small potential between 
the silicon surface and the indenter. Based on the prior work on chemo-mechanical effects, 
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we investigate the effect of cutting fluids used in diamond wire sawing, on the mode of 
material removal (ductile vs. brittle) by scribing experiments. 
2.7 Summary 
It is clear from the review of prior work that fundamental understanding of the 
DWS process, specifically several aspects of the grit-material interaction process, is critical 
for its systematic optimization and effective application to the cutting of microstructurally-
complex c-Si materials used as substrate materials in PV solar cells. Specifically, the 
following aspects of the process need further work. 
• The effects of actual abrasive grit shapes in industrial grade fixed abrasive 
diamond wire on the surface and subsurface damage of silicon wafers have not 
been investigated. 
• The effects of grains and twin boundaries during cutting of multi-crystalline 
silicon on the surface and subsurface damage of the wafers have not been 
adequately investigated. 
• Knowledge of the effect of wear of the diamond wire on the surface and 
subsurface damage of the sliced silicon wafers is lacking. 
• An understanding of why there is higher wire consumption of the expensive 
fixed abrasive diamond wire while cutting multi-crystalline silicon versus mono-
crystalline silicon is lacking. 
• The effect of cutting fluid on the mode of material removal (ductile versus 
brittle) in slicing of silicon has not been adequately investigated. 
Therefore, the rest of the thesis describes work aimed at fundamental understanding of the 
effects of the abrasive parameters (i.e. shape) and cutting fluid on ductile mode material 
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removal in scribing of silicon, effects of grains and twin boundaries of multi-crystalline 
silicon on diamond scribing, the effect of wear of diamond wire on the surface and 





CHAPTER 3. EFFECT OF GRIT SHAPE AND CRYSTAL 
STRUCTURE ON DAMAGE IN DIAMOND WIRE 
SCRIBING OF SILICON 
This chapter investigates the effect of the abrasive grit shape and grain/twin 
boundaries in multi-crystalline silicon material on the surface and subsurface damage in 
scribing with the diamond wire. Fundamental understanding of the fixed abrasive slicing 
of photovoltaic silicon wafers is crucial for producing low-cost wafers with superior 
surface quality and mechanical strength. With the goal of understanding the diamond wire 
sawing process, this chapter investigates the scribing of mono- and multi-crystalline silicon 
by the abrasive grits in an actual diamond wire. Specifically, the effects of grit shape and 
silicon crystal structure on the resulting surface morphology, subsurface damage, and the 
critical depth of cut at which ductile-to-brittle transition occurs are investigated.  
3.1 Introduction  
An impediment to widespread adoption of photovoltaics as an alternative to 
traditional energy sources is the high cost of solar cells, which use single (mono-) or poly 
(multi-) crystalline silicon wafers as substrates. The wafers are cut from silicon ingots using 
wire sawing, which is an expensive step in the solar cell manufacturing process. Hence, 
low-cost, thin wafers with superior surface quality and strength are needed. Recent industry 
trends indicate a shift from loose abrasive slurry (LAS) to fixed abrasive diamond wire 
sawing (DWS) [3]. The slicing action in LAS consists of a three-body abrasion [4, 17] 
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mechanism in contrast to two-body abrasion in DWS, which cuts silicon by a combination 
of ductile cutting and brittle fracture [10, 109]. Consequently, scribing can be used to 
understand the fundamentals of DWS. Previous work investigated DWS through scribing 
with idealized indenters [110]. However, the shapes of diamond grits used in DWS differ 
significantly from the shapes of idealized indenters. Hence, in this chapter, the effect of 
actual diamond grits on the surface and subsurface damage produced in scribing of mono- 
and multi-crystalline silicon (mc-Si) materials is investigated. This is achieved by scribing 
with a small section of an actual diamond wire. By correlating the resulting scribed surface 
and subsurface characteristics with the individual grits producing them, a basic 
understanding of the effects of actual grit shapes in DWS can be obtained. Ideally, a 
diamond wire with a narrow distribution of known grit shapes is desirable for such an 
experiment. However, actual diamond wires are characterized by millions of grits with 
randomized shapes. Consequently, this chapter analyzes the scribed surface and subsurface 
damage in mono- and mc-Si produced by a sample of grits contained in a section of 
commercially available diamond wire, which is selected without bias. The knowledge 
derived from the scribing analysis is expected to aid in developing recommendations for 
grit shape control during the design and manufacture of diamond wires.  
Although silicon is brittle, it undergoes ductile deformation in the presence of 
sufficient hydrostatic pressure [40]. A number of studies have reported the ductile cutting 
of silicon [11, 55, 111]. The ductile behavior of silicon is attributed to stress-induced phase 
transformation caused by the large compressive stresses generated in front of the scriber 
[47, 50, 57, 109]. Ductile removal of silicon during DWS could produce less micro-cracks, 
thereby enhancing the fracture strength of the wafer. Moreover, reduced saw damage of 
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wafers can minimize the need for saw damage etching. Motivated by these considerations, 
the effects of grit shape and crystal structure on the scribing depth at which ductile-to-
brittle transition occurs are investigated. 
Compared to mono-Si, mc-Si is cheaper [13] and is widely used to produce low-
cost solar cells. However, mc-Si wafering using DWS faces many challenges due to 
crystallographic defects such as grain/twin boundaries, dislocations, precipitates, and 
impurities [14]. Dislocation density variation is correlated with variation in the fracture 
toughness, which affects the cutting characteristics [69, 70]. Cutting is also affected by 
carbide and nitride inclusions [71]. In this chapter, the effects of crystallographic defects 
in mc-Si such as grain/twin boundaries on the scribed surface morphology are also 
investigated. 
3.2 Experiments 
3.2.1 Diamond Wire Scribing  
Scribing experiments were conducted using a small section of wire cut from a 
commercially available electroplated diamond wire (PV 130124, 120 µm core diameter) 
(Figure 3.1a). Imaging analysis of approximately 50 exposed diamond grits on the wire 
showed that the grit size follows a normal distribution with an average diameter of 8.5 m 
and a standard deviation of 2.6 µm. The aspect ratio of the grits was determined to be 0.76. 
Substrate materials used for scribing consisted of 10mm x 10mm x 25mm blocks of mono- 
and mc-Si. The surfaces of the blocks were ground, lapped and polished to a mirror finish. 
The wire was tensioned on a fixture by two screws (Figure 3.1b) and mounted on the 
scribing setup (Figure 3.1c).  
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Figure 3.1: (a) SEM image of diamond wire (representative cross-section from [18]), (b) 
wire in scribing fixture and (c) wire scribing setup. 
The silicon block was mounted on a flat baseplate fixed to a three-component 
piezoelectric force dynamometer (Kistler 9256C), which was rigidly mounted on 
computer-controlled stacked X-Y-Z motion stages (Aerotech ANT-4V). The dynamometer 
detected the contact between the grits and silicon just prior to scribing and also measured 
the scribing forces. Scribing direction was always perpendicular to the wire length, thereby 
isolating the cutting action of individual grits. Actual wire sawing involves material 
removal along the length of the wire as the wire is arranged in multiple loops that form a 
wire web [4]. X-ray diffraction (Panalytical X'Pert XRD) was used to determine the 
crystallographic orientations of both the mono- and mc-Si substrates. From XRD 
measurements on the mono-Si, the crystallographic orientation of the scribed plane and the 








twinned grain of (311) orientation and to scribing across a grain boundary delineating two 
grains with (111) and (331) crystal orientations. The scribing speed used in all experiments 
was 100 mm/min. The effect of scribing speed is assumed to be negligible [112].  
The critical depth of cut is defined as the depth corresponding to the onset of the 
first crack and where the material removal mode changes from ductile to brittle. A larger 
value of critical depth of cut indicates that ductile removal can be obtained at higher depths 
of cut. In order to determine the critical depth of cut, scribing tests with gradually 
increasing depth of cut (0 to 5m over a 5mm length) were performed using displacement 
control. 
Since protrusion of grits on a diamond wire is non-uniform and because the fresh 
wire is coated with electroplated nickel as bonding agent to fix the diamond to the steel 
wire, a few trial scribes were made to expose the grits. The representative cross-section of 
the wire (from [18]) is shown in Figure 3.1. SEM imaging (Hitachi S-3700N and SU8230) 
revealed the exposed grits involved in the scribing action. Careful analysis of the scribes 
and the location of the exposed grits on the wire in each test enabled the association of a 
specific grit with a particular scribe. Note that the grit density of the wire section used was 
low enough to minimize multiple grit interactions with the same region of the silicon 
sample. Each experiment for a particular grit shape and material combination was repeated 
three times. The replications showed that surface features produced by a particular grit 
shape were repeatable. The resulting scribed surface morphologies were imaged in an 
optical microscope (Leica DMRM) and in the SEM. Scribes produced by four grits with 
distinct shapes were selected for analysis aimed at understanding the effect of grit shape 
on scribe morphology. We performed confocal microscopy (Olympus LEXT) of the 
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grooves at the location of ductile-to-brittle transition to obtain the critical depth of cut. 
Cross-sectional profiles obtained from confocal microscopy of the ductile portion of the 
scribes correlated well with the SEM images of the corresponding grits. Given the higher 
hardness of diamond compared to silicon, we assume that the grit shape did not change 
significantly with repeated scribing. 
3.2.2 Subsurface Damage 
To evaluate subsurface damage, we used a focused ion beam (FIB) method (Figure 
3.2). A gallium source FIB (FEI NOVA) was used to cut sections perpendicular to the 
scribes. First, a high-energy beam (7nA, 30KV) was used to make a rough cut. Next, a low-
energy beam (30KV, 1nA) polished the rough cut surface to minimize FIB induced 
damage. This procedure was used for both mono- and mc-Si samples. Since the grooves 
analyzed for subsurface damage were produced by a gradually increasing depth of cut, each 
scribe was characterized by a ductile-to-brittle transition zone whose location was 
governed by the critical depth of cut for a particular grit shape-material combination. To 
make FIB cuts, we selected two regions along the groove. The region before the ductile-
to-brittle transition (zone A) and the region after the transition (zone B), are shown 
schematically (Figure 3.3). 
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Figure 3.2: FIB procedure for subsurface damage evaluation. 
 
Figure 3.3: Schematic plan view of scribe morphology and locations for FIB cuts. 
Scribing direction is from left to right. 
3.3 Results and Discussion 
3.3.1 Effect of Grit Shape and Material  
The exposed diamond grits selected for analysis are shown in Figure 3.4. Grit 1 has 
a pointed contour while grit 2 has a more rounded contour with multiple small protrusions. 
The grit shapes can be approximately assessed from the cross-sectional optical profiles of 
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Figure 3.4: SEM images of (a) grit 1, (b) grit 2, (c) grit 3, and (d) grit 4. Cross-sectional 
profiles of the ductile portions of the grooves, which represent the grit contours, are 
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As seen in Figure 3.5, the scribe morphologies produced by grits 1 and 2 in the 
mono- and mc-Si samples differ considerably. At the beginning, each scribe exhibited 
completely ductile behavior, with cracks appearing at the ductile-to-brittle transition as the 
scribing depth gradually increased. We attribute the differences in morphology to the 
difference in grit shapes, specifically from sharp to a more rounded grit with multiple 
edges. Prior work [30] showed that various types of cracks are generated by indenters with 
different idealized shapes. Sharp indenters were shown to produce chevron cracks on the 
surface, and a system of lateral and median subsurface cracks. Spherical indenters 
produced partial cone cracks [31, 113, 114] with semicircular, horseshoe-like patterns 
contained within the grooves. Approximating grits 1 and 2 with the closest idealized 
indenter shapes, namely sharp and round, the corresponding scribe morphologies are 
comparable to those reported for the idealized shapes [30]. Grit 1 produced chevron or 
radial cracks in both mono-Si and mc-Si with brittle chip-out on one side of the groove. In 
contrast, grit 2 produced horseshoe-like cracks, which were confined to the groove in both 
mono- and mc-Si. The damage caused by grit 2 resembles the cracks produced by the 
sliding of a spherical indenter on (100) silicon in the <110> direction, as shown in prior 
work [115]. Thus, for a given grit shape, the scribed surface morphologies were similar in 
both materials.  
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Figure 3.5: SEM of scribes for grit 1 (top row) and grit 2 (bottom row); mono-Si (left) 
and mc-Si (right). Scribing direction is from left to right. 
Figure 3.4(c) and Figure 3.4(d) show grit 3 is essentially a triangular pyramid with 
a pointed tip and cutting edges, whereas grit 4 is approximately blunt.  Figure 3.6 shows 
the morphologies of the scribes produced by grits 3 and 4 in mono- and mc-Si, respectively. 
Grit 3 produced chevron-type radial cracks emanating from one edge of the groove. Grit 4 
mostly caused radial cracks on one side of the groove that chipped out, possibly after the 
radial cracks combined with lateral cracks. Similar to grit 1 and grit 2, the scribed 
morphologies produced by grits 3 and 4 were influenced more by the grit shape than by the 
material. The comparatively round grit 4 produced a wider groove than grit 3, which is 
sharper.  
2 µm 





Figure 3.6: SEM of scribes for grit 3 (top row) and grit 4 (bottom row); mono-Si (left) 
and mc-Si (right). Scribing direction is from left to right. 
The scribe depth at which the first crack appeared was designated the critical depth 
of cut. Figure 3.7 shows that the critical depth of cut varies with grit shape, which affects 
the stress state. Brittle fracture occurs when the tensile stress reaches the fracture strength 
of silicon. However, the same material (for example, mono-Si) can reach the critical stress 
value at different depths of cut depending on the grit shape. The difference in stresses due 
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Figure 3.7: Critical depth of cut versus grit shape in mono-Si; i refers to the semi-apex 
angle of grit i – it is estimated from the groove cross sectional profile via curve fitting 
Prior work explains crack formation due to elasto-plastic behavior of brittle 
materials when scribing with idealized diamond indenters [32-34]. We use the sliding 
blister field model of Jing et al. [35], which describes the Boussinesq and Cerruti elastic 
stress fields and the residual stress field due to plastic deformation. The scratch induced 
blister field stress depends on the material properties and a grit geometry related factor, 
which is given by the co-tangent of the semi-apex angle α. The semi-apex angles 
corresponding to the sampled grit shapes discussed in the current chapter were estimated 
by curve fitting the 2D cross sectional profiles of the scribes produced by the grits. It can 
be seen from Figure 3.7 that rounder grits have larger values of α (and smaller values of 
cot α) and sharper grits have smaller values of α (and larger values of cot α). Keeping all 
other variables constant, it can be shown from the sliding blister field model that grits with 
larger α produce lower stresses while grits with smaller α produce higher stresses. This 
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rounder grits (those with larger semi-apex angles) and smaller critical depths of cut for 
sharper grits (those with smaller semi-apex angles While the stresses depend on the co-
tangent of the semi-apex angle, the change in critical depth of cut is not linearly related to 
cot α because of the effects of other factors such as the increase in area of contact with 
scribing depth and the anisotropy of silicon. 
3.3.2 Effect of Twin and Grain Boundaries 
The mc-Si blocks scribed using grits 1 and 2 were etched for 1.5 minutes with 45% 
by vol. Potassium Hydroxide (KOH) at 55oC and then rinsed in D.I. water in order to reveal 
the twin or grain boundaries (GBs) interacting with the scribes. Figure 3.8 shows that the 
XRD peaks across the boundary have (311) crystallographic orientations, but shifted peaks 
(approx. 0.6-0.7° shift) indicate that it is a low-angle twin boundary. SEM images show 




Figure 3.8: XRD for mc-Si regions separated by a twin boundary across which scribing 
was done.  
SEM of the scribed surface reveal changes in the frequency of the chevron-type-
radial cracks emanating from the edge of the scribe as it crosses the twin boundary. 
Specifically, in Figure 3.9, the left (311) grain exhibits more frequent cracks than the right 
(311). The upper scribe in the figure shows 0.575 cracks/µm to the left of the twin boundary 
and 0.08 cracks/µm to the right of the twin boundary. The lower scribe shows 0.563 cracks 
/µm to the left of the twin boundary and 0.22 cracks/µm to the right of the twin boundary. 
The observed variation in cracking frequency across the twin boundary is attributed to a 
combination of variation in the local mechanical properties of silicon (e.g. fracture 
toughness) across the twin boundary [69, 70] and dynamic effects associated with scribing 
across a discontinuity (twin boundary).  
We used Vickers micro-hardness indentation technique [116] to determine the 





























the vicinity of the scribe. A 300 gf load was applied for a 15 s duration. Fracture toughness 
(KIc) was calculated as [116]: 


















where φ = constraint factor (~3), E = Young’s modulus (GPa), H = Hardness (GPa), a = 
indent size (µm), and c = crack length (µm).  
Using E = 153 GPa for (311) silicon [117], the fracture toughness was found to be  
1.03 ± 0.03 MPa √m in Region 1 and  1.21 ± 0.05 MPa √m in Region 2 (see Figure 3.9). 
Note that the difference in fracture toughness in the two regions is statistically significant 
at a 95% confidence level. These measurements confirm that Region 1 has a lower 
threshold for cracking, and hence it exhibits more cracks (see lower edge of scribe) 
compared to Region 2, which has a higher threshold for cracking and is therefore 
characterized by fewer cracks. These observations suggest that microstructural defects such 




Figure 3.9: SEM of scribe across twin boundary for indicates higher frequency of cracks 
in (311) to the left of the twin boundary compared to the right.  
The results of the effect of twin boundaries prompted another scribing experiment 
to determine the effect of GBs. A new mc-Si block was first etched to reveal GBs. XRD 
revealed grain orientations on either side of a selected GB to be (111) and (331). We scribed 
at a constant programmed depth of 250±40 nm, which is larger than the critical depth of 
cut, in order to compare the morphology of brittle fracture on either side of the grain 
boundary. Figure 3.10 shows the scribes across this GB produced by grits 1 and 2. 
Scribing direction 





Figure 3.10: SEM of scribe across grain boundary for grits 1 and 2. 
Surface cracking behavior changed distinctly as the scribe crossed the GB. For grit 1, 
chipping was more in the (111) grain than in the (331) grain, which changed the groove 
width. For grit 2, ridge-like features were observed inside the groove and were more closely 
spaced in the (331) grain than in the (111) grain; the cracking frequency changed from 0.5 
cracks/µm to the left of the grain boundary to 1.2 cracks/µm to the right of the grain 
boundary. However, away from the GB and in the interior of the grains, the scribe 
morphology was found to be independent of crystal orientation and more dependent on the 
grit shape. This agrees with recent findings of Borrero-Lopez et al. [37] who showed that 
the damage mode in scratching of mc-Si is independent of grain orientation and suggested 
that GBs may locally change the nature of cracking already initiated, possibly due to 
deflection of subsurface cracks. SEM imaging was done at 250µm, 500µm and 1000µm 
distances from the GB on either side. It was found that at a distance of ~1000µm from the 
grain boundary (right-most images in top and bottom rows in Figure 3.11), the scribe 












morphology was different from that observed near the GB, but similar in both grains for a 
given grit shape (grit 2). We observed similar results for the scribes produced by grit 1. 
Hence, away from the GB, the effect of grit shape on the scribe morphology appeared to 
be greater than the effect of grain orientation. A possible explanation for this observation 
is the variation in the local mechanical properties such as fracture toughness near the GB, 
which is generally characterized by a higher dislocation density than the grain interior [70]. 
Vickers indentation based fracture toughness measurements on either side of the grain 
boundary showed that KIc = 1.51 ± 0.06 MPa √m in the (111) grain and 1.21 ± 0.05 MPa 
√m in the (331) grain, with the difference being statistically significant at a 95% confidence 
level. We used E = 188 MPa for (111) and E = 174 MPa for (331) Si, respectively [117]. 
As seen in Figure 3.10, cracks are less frequent on the (111) side, which has a higher KIc 
value and therefore a higher threshold for cracking, whereas cracks are more frequent in 
the (331) side, which has a lower KIc. The seemingly small differences in fracture 
toughness values for different crystallographic orientations are known to be associated with 
significant differences in the fracture characteristics [118-121]. In addition to the difference 
in fracture toughness, other factors such as dynamic effects associated with crossing a GB 
discontinuity may also play a role in explaining the observations. Our results suggest that 
the grain boundary modifies the cracking frequency to a lesser extent than the twin 
boundary. However, further work is necessary before this finding can be generalized to all 
grain and twin boundaries in silicon. The effect of the variations in cracking frequency 
across the grain and twin boundaries on the fracture strength of mc-Si wafers needs further 
investigation. While mc-Si is known to be weaker than mono-Si, the contribution of 
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Figure 3.11: For grit 2, scribe morphology away from the grain boundary at 250 µm, 
500 µm, and 1000 µm, respectively: for (111) grain (top row) and (331) grain (bottom 
row). 
3.3.3 Subsurface Damage 
We performed FIB on scribes by grits 1 and 2 since they had distinctly different 
shapes, expecting differences in subsurface damage. For both mono- and mc-Si, we did not 
observe any subsurface damage for grits 1 and 2 in the ductile zone, which was expected 
as silicon in ductile cutting is plastically deformed without fracture. In the brittle fracture 
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region, for mono-Si, just after transition from ductile-to-brittle behavior, we observed 
subsurface cracks for grit 1 (Figure 3.12), lateral cracks that curved upward from the groove 
bottom, but none for grit 2. A possible reason is that the shape of grit 2 promoted shallow 
surface cracks within the groove for mono-Si, and no subsurface cracks of discernible 
length remained. We made 3-5 FIB cuts to confirm repeatability and each cut yielded 
similar subsurface features.  
 
Figure 3.12: Subsurface damage in mono-Si (top row), and multi-Si (bottom row) in the 
brittle regime for grit 1 (left) and 2 (right). 
Scribes made by grit 1 in mc-Si in the brittle region exhibited lateral cracks that 
branched out from the groove bottom (Figure 3.12).  Subsurface crack characteristics for 
mono and mc-Si are similar for grit 1 with average damage depth of 1.5-2µm. Scribes made 
by grit 2 in mc-Si in the brittle region showed a complex crack system with average depth 




of 5-7 µm, consisting of lateral cracks from either side of the groove and a median crack 
at an angle to the vertical. The lateral cracks curved towards the top surface and combined 
with surface cracks, ultimately causing chip-out (Figure 3.12). The median crack was tilted 
from the vertical due to the non-regular grit shape compared to an idealized-shape indenter. 
The curling up of cracks for both grit shapes followed the shape of the lateral cracks 
discussed by Lawn and Swain [27, 29] and Marshall [33], generated during unloading 
behind the sliding indenter.  
Comparing subsurface damage for grit 2 in mono-Si and mc-Si, we observed that 
crack initiation and propagation were easier in mc-Si than in mono-Si, leading to a larger 
damage depth. In mono-Si, fewer sites for crack nucleation are present [122], and therefore 
complex crack systems did not form. Since mc-Si typically has more defects, which can 
serve as crack nucleation sites, a system of longer cracks formed. Since mono-Si has fewer 
defect initiation sites, larger tensile stresses would be required to initiate subsurface cracks. 
Therefore, it is possible that the stress imposed by grit 2 in mono-Si is insufficient to initiate 
fracture, whereas it may be enough to initiate cracks in mc-Si. Hence, the absence of cracks 
in mono-Si and the presence of cracks in mc-Si for grit 2 appear to be the result of a 
combination of factors including the stress state produced by a specific grit shape and 
differences in material strength. The locations in mc-Si where grits 1 and 2 produce cracks 
are different and very likely have different defect densities. Thus, even though grit 2 is 
more round than grit 1, it produces longer cracks in mc-Si. 
These observations point toward the potential for engineering grit shapes for slicing 
of both mono and mc-Si, which can lead to an improved fixed abrasive wire sawing 
process. In general, at moderate loads, damage can be reduced by employing rounder grits 
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and ensuring that a sufficient number of them are actively engaged in the cutting process. 
Given the large number of randomly oriented Si grains present in the multi-crystalline 
silicon sample, specifying a favorable grain orientation is difficult. The diamond wire can 
be optimized to be made up of a higher percentage of grits of a certain shape that create a 
desired system of cracks. For wafering silicon, grits at the kerf bottom can have shapes that 
promote the formation of median cracks, which would speed up the wafer cutting process. 
Simultaneously, the grit shape at kerf bottom should be such that it inhibits the formation 
of long lateral cracks, which become median cracks for wafer surfaces, and cause fracture 
in Mode I. For kerf sides, grit shape should inhibit lateral cracks thereby reducing material 
loss from the resulting wafer due to chipping and subsurface damage, and eliminating 
surface radial-chevron and median cracks that cause surface micro-cracks, which are 
generally removed by chemical etching. Minimizing micro-cracks can reduce both time 
and resources required to remove saw damage. Through engineered grits, stronger silicon 
wafers with smaller micro-cracks can be produced, leading to lower wafer production 
costs, and in turn lower cost of solar cells.  
3.4 Conclusions 
Scribing with diamond wire on silicon demonstrated the fundamental effect of 
shape of actual grits and crystal orientation. The results showed that grit shape significantly 
affected scribe morphology. While the sharper grit produced radial-chevron cracks, the 
rounder grit produced horseshoe-like cracks inside the groove. The critical depths of cut 
differed in the same material as a result of the differences in stress states produced by the 
different grit shapes. Qualitatively, the same grit shape produced scribes of similar surface 
morphology in both mono and mc-Si. 
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In mc-Si, scribing across twin boundaries exhibited differences in cracking 
frequency. The scribe morphology across GBs changed near the boundary. However, away 
from the GBs, scribe morphology was more dependent on the grit shape than on 
crystallographic orientation. 
Subsurface damage depended on grit shape and material combination. For both 
mono-Si and mc-Si, grits 1 and 2 showed no subsurface cracks in the ductile region, which 
was expected, because of stress-induced plasticity and ductile material removal. In the 
brittle regime, for grit 1, similar subsurface cracking (lateral) was observed in mono- and 
mc-Si; for grit 2, no subsurface damage was found in mono-Si, whereas a complex system 
of angled median and lateral cracks formed in mc-Si. This result was attributed to more 




CHAPTER 4. EFFECT OF WEAR OF DIAMOND WIRE 
ON SURFACE MORPHOLOGY, ROUGHNESS AND 
SUBSURFACE DAMAGE OF SILICON WAFERS 
Wear of fixed abrasive diamond wire affects the quality of sliced silicon wafers, 
necessitating replacement of the costly wire. This chapter analyzes the effect of wire wear 
on the surface morphology, roughness, and subsurface damage of as-cut single crystal 
silicon wafers. Scanning electron microscopy, Raman spectroscopy, confocal microscopy, 
focused ion beam machining (FIB), and biaxial flexure are used to evaluate the surface 
morphology, areal surface roughness, and subsurface damage (cracks). 
4.1 Introduction  
Silicon wafers for photovoltaic solar cells are manufactured by wire sawing 
processes, which slice mono-crystalline silicon ingots produced by the Czochralski (Cz) 
process or multi-crystalline silicon produced by the casting process. In recent years, there 
has been a shift from loose abrasive slurry wire sawing (LAS) to fixed abrasive diamond 
wire sawing (DWS), a trend that is forecast to grow [3]. While LAS involves cutting silicon 
by the abrasive action of loose silicon carbide (SiC) particles in a polyethylene glycol based 
slurry poured onto a stainless steel wire web, DWS uses diamond grits fixed to the steel 
wire with electroplated nickel or resin as the bonding agent, and a water based cutting fluid. 
DWS is advantageous over LAS as it provides increased material removal rate and lower 
silicon loss due to a smaller kerf. LAS involves three-body abrasion [4, 17, 72] of the wire, 
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SiC grit, and silicon, leading to wear of the wire core. In comparison, DWS involves 
material removal by a two-body abrasion mechanism where the core metal wire is less 
likely to be worn. Other multi-wire sawing processes involve abrasive based 
electrochemical methods [73], and resinous diamond wire [74]. In a previous study, 
electroplated diamond wire manufactured by felt brushes showed better wear resistance 
[75]. The phenomenon of diamond wire break-in during initiation of cutting and its effect 
on process performance has been studied recently [76]. Related work on the prediction of 
diamond wire wear [77] and lifetime estimation has been also reported [78]. High stresses 
in cutting brittle materials by diamond wire has been shown to induce graphitization of the 
diamond abrasives [79]. Other studies of cutting single crystal silicon with diamond tools 
have shown tool wear to influence the nanoscale ductile cutting behaviour of silicon [80]. 
In particular, groove wear in nanometric cutting was found to be significant [81, 123, 124]. 
Diamond tool wear is also known to be affected by its crystallographic orientation 
[86].While only indirectly related to diamond wire sawing, ductile material removal 
mechanisms active during abrasive and chemical mechanical polishing (CMP) of silicon 
wafers have been studied extensively [42, 72, 125-128]. Micro-contact modelling 
approaches have been used to study wear in CMP [129]. 
For DWS to be a commercially viable alternative to slurry sawing, DWS has to 
produce silicon wafers with the required mechanical integrity and strength without 
increasing cost. Mechanical properties of sliced silicon wafers depend on the wafer surface 
and subsurface condition [10, 130]. The surfaces of as-cut wafers have saw damage in the 
form of grooves, pits, and micro-cracks [10, 131-133]. To reduce the cost of saw damage 
removal, wafers with minimal surface and subsurface damage are needed. The surface and 
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subsurface damage depend on the condition of the diamond grits. The diamond grits 
undergo wear due to the high speed sliding contact of the wire with silicon. Thus, the 
surface and subsurface conditions of as-cut silicon wafers depend on wear of the diamond 
wire. This chapter investigates the effects of diamond wire wear on the surface 
morphology, surface roughness, and subsurface damage of full-size silicon wafers.  
4.2 Experimental Details 
Mono-crystalline silicon wafers of (100) crystal orientation, and 125 mm X 125 
mm size and 195-200 µm thickness were cut in a reciprocating multi-wire saw using the 
slicing conditions listed in Table 4.1. As shown schematically in Figure 4.1 [8], the new 
wire spool feeds unused diamond wire into the wire web, which consists of a wire wound 
in parallel over rollers. The silicon brick is fed into the wire web, thus slicing it into 









Table 4.1: Wafer slicing conditions 
Parameter Condition 
Workpiece (100) mono-crystalline silicon cut into 700 wafers 
Wire Ni-electroplated diamond wire with 100 m diameter core wire and 
8-12 µm diamond grits 
Wire speed 18 m/sec 
Feed rate 0.8 mm/min 
Reciprocation 500 m forward, 490 m backward 
 
 
Figure 4.1: Slicing of a silicon brick using fixed abrasive diamond wire sawing [8]. 
A single continuous wire was used to cut the wafers from a single silicon brick. In 
the present study, the sliced wafers were divided into groups based on wire wear. The wear 
condition of the wire was defined using the contact length, which represents the length of 
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silicon that has interacted with the wire during the slicing process. The contact length 
depends on the number of times the wire moves forward and back, from the first wafer to 
the last wafer cut from the ingot. It is also a function of the new wire feed, the distance 
between the workpiece and roller, ingot length, pitch distance of the wire web, and the 
number of wafers cut in each forward stroke. In the present study, the cumulative silicon 
contact length for wafers cut by the new wire was less than 1 km whereas the cumulative 
silicon contact length for the used wire was approximately 12 km.  Representative sections 
of the new and used wire were extracted for analysis.  
Wafers cut by the new and used wire sections were examined in a scanning electron 
microscope (Hitachi SU8230 SEM) to analyze the surface morphology and material 
removal characteristics. Raman spectroscopy of the cut wafers was done using a dispersive 
Raman spectrometer (Thermo Nicolet Almega XR). Areal three-dimensional average 
surface roughness of the two wafer groups was measured using a laser confocal microscope 
(Olympus LEXT). Subsurface damage was analyzed in a SEM (FEI NOVA) using focused 
ion beam (FIB) cross sectioning of the wafer surfaces at selected locations. Wear of the 
diamond wire was analyzed in a SEM (Zeiss Ultra-60).  
4.3 Results and Discussion 
4.3.1 Surface Morphology 
Representative images of the as-cut wafer surface morphology along with the 
corresponding Raman spectra are shown in Figure 4.2. It can be seen that wafers cut by the 
new wire show greater evidence of brittle fracture, which is characterized by frequent 
chipping and fractured grooves. In contrast, wafers cut by the used wire show more ductile 
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removal characteristics, which consist of smoother sawing marks with some intermittent 
chipping, albeit few in number. Diamond wire sawing of silicon is known to be 
characterized by a mixture of ductile material removal and brittle fracture [10]. Silicon is 
a brittle material, which, when subjected to compressive stress, undergoes pressure induced 
phase transformation from crystalline Si-I phase to β-Sn and other metal-like phases, which 
give rise to ductile cutting [40, 51]. The stress condition varies at each abrasive grit-
material interaction point, and hence a mixture of ductile cutting and brittle material 
removal occurs. Based on the results in Figure 4.2, we can hypothesize that the stress 
conditions for the new wire were such that brittle fracture was more dominant compared 
to the worn wire case. The corresponding Raman spectra showed a dominant crystalline 
silicon peak at 520 cm-1 and very weak peaks of phase transformed silicon. In comparison, 
the wafers cut by the used wire showed stronger peaks of phase transformed silicon in 
addition to the 520 cm-1 peak. The Raman spectra support the surface morphology 
observations that wafers cut by the used wire have more ductile regions compared to wafers 
cut by the new wire. These observations were found to be repeatable at three different 
















Figure 4.2: Surface morphology and corresponding Raman spectra of wafers cut by new 
(top) and used (bottom) sections of the diamond wire. 
4.3.2 Surface Roughness 
Three dimensional (3D) areal surface roughness parameter measurements (Sa) were 
taken at fifteen locations on the wafer surfaces using a 5 x 3 grid (130 µm X 130 µm 
evaluation area for each location) and averaged. Results (see box plot in Figure 4.3) show 
that wafers cut by the new wire have higher average 3D areal surface roughness (0.22 µm) 
than wafers cut by the used wire (0.16 µm). The middle line in the box shows the median, 
the upper limit shows the upper quartile (25% of values are higher than the upper quartile), 
and the lower limit shows the lower quartile, with the ends of the whiskers indicating the 
Frequent chipping 














maximum and minimum values [134]. The results agree with the surface morphology 
observations, which showed that wafers cut by the new wire showed more brittle fracture 
and chipping, and are therefore expected to have higher roughness than wafers cut by the 
used wire, which exhibit more ductile behavior. Note that the roughness of wafers cut by 
the new wire shows more scatter, which is also indicative of random brittle fracture, versus 
a tighter roughness distribution for the wafers cut by the used wire.  
 
Figure 4.3: Box plot of surface roughness of wafers cut by new and used wire. 
4.3.3 Subsurface Damage 
Subsurface damage was analysed by cross sectioning the wafers perpendicular to the 
sawing marks using FIB sections made at 10 locations on the wafer. Figure 4.4 and  
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Figure 4.5 show representative images of the subsurface damage in wafers cut by the new 
and used wire sections, respectively. For wafers cut by the new wire, 9 out of 10 locations 
showed micro-cracks, whereas in wafers cut by the used wire, only 4 out of 10 locations 
showed subsurface cracks. Counting the number of cracks per unit length, we found wafers 
cut by the new wire had 0.10 cracks/µm versus 0.05 cracks/µm in wafers cut by the used 
wire. The subsurface cracks in wafers cut by the new wire (see Figure 4.4 were mostly 
lateral cracks, with a few median cracks, of 0.6 µm mean depth and 1.5 µm maximum 
depth. In wafers cut by the used wire (see Figure 4.5), the subsurface damage consisted of 
mostly median cracks (inclined and perpendicular to the surface), with a mean depth of 0.7 
µm and a maximum depth of 2 µm. The box plot Figure 4.6 shows that the mean depth of 
damage in the two cases are similar, however the scatter is greater in the wafers cut by the 
used wire compared to the new wire case. A 2-sample t-test of the difference in mean crack 
depths for the new and used wire cases was found to be statistically insignificant at a 95% 
confidence level.  However, lateral cracks tend to produce shallow chipping of the wafer 
surface, whereas median cracks make the wafer more prone to fracture under bending. 
Hence, even though the number of subsurface cracks in the wafer cut by the used wire is 
lower, the median/inclined crack geometry makes it more likely to fracture during 










Figure 4.4: Subsurface damage in wafers cut by the new section of diamond wire; shows 






Figure 4.5: Subsurface damage in wafers cut by the used section of diamond wire; shows 
minimal damage in some locations but inclined median cracks in other locations. The red 
boxes highlight the cracks. Image of the wafer surface shows indentation type features 




Figure 4.6: Comparison of crack depths in wafers cut by the new and used wire. 
4.3.4 Wire Wear 
The new and used sections of the diamond wire were imaged in a SEM. Multiple 
grits (~10) were imaged, but only representative images are shown. Figure 4.7 shows 
abrasive grit images taken from the new wire section. Figure 4.7(a) shows a grit with some 
nickel coating still on it, while Figure 4.7(b) shows an exposed grit. The electroplated 
nickel coating on the abrasives is removed during initial contact with silicon since nickel 
(Mohs hardness of 4) is softer than silicon (Mohs hardness of 6-7). The exposed grits in 
the new wire are mostly intact since the new wire section has had limited contact with the 
silicon.  
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As the diamond wire cuts more silicon, the grits become blunt and round due to 
wear (see Figure 4.8(a)), and in some cases, due to chipping of the diamond grit (see Figure 
4.8(b)). The grit and silicon contact conditions are sometimes extreme due to the small area 
of contact. Depending on the load acting on the abrasive, there could be rubbing, 
ploughing, ductile material removal, or brittle fracture of silicon. Ductile material removal 
can be achieved through a combination of depth of cut, cutting edge radius, which is 





   (a)    (b) 
Figure 4.7: Representative images of the abrasive grit in the new wire section: (a) grit 











(a)       (b) 
Figure 4.8: Representative images of abrasive grit in the used wire section: (a) rounding 





(a)    (b) 
Figure 4.9: (a) Grits embedded in nickel coating in the new wire, (b) evidence of grit 
pull-out in the used wire. 
The force acting on the grit not only affects the surface and subsurface damage caused in 
the wafers but also the mechanical integrity of the abrasive. While the new wire shows that 
diamond grits are still embedded in the nickel coating (see Figure 4.9(a)), a sufficiently 
high grit force can cause the grit to be dislodged from the nickel binder leading to ‘grit 
Pull-out 
20 µm 20 µm 
Chipping 
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pull-out’, as seen in Figure 4.9(b). We hypothesize that the dislodged abrasives tend to roll 
around in the cutting channel, and sometimes indent the silicon surface, thereby causing 
intermittent chipping or the indentation pits seen on the surface of wafers cut by the used 
wire (see Figure 4.2). Another likely source of the indentations formed on the wafer surface 
is wire vibration during sawing, which can cause diamond grits still fixed to the wire to 
indent the silicon surface. The subsurface median cracks observed in the FIB images in the 
used wire case were found to be in the vicinity of the indentation marks seen on the wafer 
surface (as shown earlier in Figure 4.5). Median crack systems are known to form in 
indentation [30, 32, 34], which could potentially explain the wafer fracture strength results 
presented in the next section.  
Note that the FIB cross-sections view a very small volume of material (on the order of tens 
of m3) while the fracture strength experiments employ a larger volume of the silicon (on 
the order of tens of mm3). Furthermore, since failure of brittle materials is governed by 
Weibull’s weakest link theory of fracture [137], it is highly probable that the wafer coupons 
used in the fracture strength tests contain a longer crack than seen in the FIB cross-sectional 
images. This explains the lower fracture strength of wafers cut by used wire. While it is 
known that phase transformation of silicon is accompanied by volume expansion [138] and 
corresponding residual stress generation [51], their effect on fracture strength of silicon 
needs further investigation. 
Figure 4.10 shows the EDS results from a region surrounding a representative grit 
in the used wire. This shows evidence of silicon debris embedded in the nickel coating. 
The cutting ability of the wire tends to decrease with increased debris loading of the wire. 
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This phenomenon is analogous to loading of an abrasive grinding wheel, which tends to 
lower grinding performance. 
 
Figure 4.10: EDS spectra showing silicon embedded (pink) in nickel coating (green). 
4.3.5 Fracture Strength of Wafers 
The fracture strengths of wafers corresponding to the new and used sections of the 
diamond wire were evaluated using the biaxial flexure method [139]. Circular coupons 35 
mm in diameter were laser-cut from the wafers. Care was taken to ensure that there was 
minimal edge damage due to laser cutting. The biaxial flexure test apparatus consisted of 
a ring-on-ring fixture with a loading diameter of 9.5 mm and a supporting diameter of 20 
mm. Twenty three (23) coupons each were taken from wafers sliced by the new and used 
wire sections and fractured to obtain the fracture strength data shown in Figure 4.11. It can 




mean strengths of the coupons cut by the new and used wire sections was statistically 
significant at a 95% confidence interval. The reduction in the mean fracture strength with 
wire wear is attributed to the presence of median cracks in the wafers cut by the used wire.  
 
Figure 4.11: Biaxial fracture strength of wafers cut by new and used wire sections. 
4.4 Conclusions 
The chapter analyzed the effects of fixed abrasive diamond wire wear on the surface 
morphology, roughness, and subsurface damage of (100) mono-crystalline silicon wafers. 
With wire wear, the wafer surface morphology changed from mostly brittle fracture, which 
was characterized by frequent chipping and fractured grooves, to more ductile cutting, 
which was characterized by relatively smooth grooves with intermittent indentations. The 
average surface roughness and its scatter decreased with wire wear. Analysis of subsurface 
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damage showed that wafers cut with the new wire had more subsurface lateral cracks per 
unit length than wafers cut with the used wire; however wafers cut with the used wire had 
comparatively more median cracks, which were produced by the occasional indenting 
action of loose diamond abrasives dislodged from the diamond wire and moving freely in 
the kerf. With wire wear, the abrasive grits showed rounding and blunting, with some 
instances of grit fracture and pull-out. The mean fracture strength of the wafers was lower 
with wire wear and is attributed to the presence of median cracks, which promote failure 
of the wafer at a lower stress level. The results reported in this chapter provide useful 
insights into the wear of fixed abrasive diamond wire and its effect on the topographical 
and mechanical properties of solar silicon wafers. 
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CHAPTER 5. WEAR OF DIAMOND IN SCRIBING OF MULTI-
CRYSTALLINE SILICON 
This chapter investigates the wear of diamond in scribing multi-crystalline silicon. 
A practical challenge in slicing of low-cost multi-crystalline silicon (mc-Si) wafers by the 
fixed abrasive diamond wire sawing process is increased wire consumption due to greater 
wear of the diamond compared to slicing of the more expensive mono-crystalline silicon 
(mono-Si) wafers. In this chapter, we present the results of scribing of mc-Si and mono-Si 
materials with two conical tip diamond indenters of the same geometry to understand the 
possible reasons for increased diamond wear in cutting of multi-crystalline silicon. 
Specifically, the scribing forces and the diamond indenter wear produced in scribing of the 
two silicon materials are analyzed. The results show that the forces generated in scribing 
of mc-Si are higher than in scribing of mono-Si. The higher forces in scribing of mc-Si are 
consistent with the corresponding higher tip radius of curvature (due to wear) of the 
diamond indenter compared to the tip radius produced in scribing of mono-Si. Scanning 
electron microscopy and confocal microscopy of the diamond indenters show that wear is 
primarily due to physical micro fracture and blunting of the diamond. Raman spectroscopy 
shows evidence of stress-induced phase transformation of the diamond and the formation 
of compressive residual stress in the diamond. Plausible physical explanations for the wear 




5.1 Introduction  
Crystalline silicon solar cells offer an optimum mix of modularity, distributed grid, 
and lower capital investment compared to other renewable and clean energy sources [1]. 
However, the cost of energy per kWh from photovoltaic solar cells is still high compared 
to conventional energy resources. Cost can be reduced by using multi-crystalline silicon 
(mc-Si) for the silicon wafer substrates, which is cheaper than mono-crystalline silicon 
(mono-Si) [6, 13, 140]. The reduction in energy conversion efficiency of mc-Si (compared 
to mono-Si) is offset by the lower substrate cost for many applications [6]. However, there are 
challenges in manufacturing mc-Si wafers by the state-of-the-art fixed abrasive diamond 
wire sawing process.  
In recent years, industry has transitioned from conventional loose abrasive slurry 
sawing (LAS) to fixed abrasive diamond wire sawing (DWS) for slicing silicon wafers 
because of the higher productivity, lower kerf loss, and reduced environmental impact of 
the DWS process [16, 23]. Material removal in DWS occurs via mechanical interaction of 
the diamond abrasives (~10 µm in size) bonded to the steel wire by electroplated Ni with 
the silicon brick [9]. While the use of DWS to slice mono-Si wafers is quite widespread in 
industry, it is not widely used to slice mc-Si wafers. The primary reason for this is the 
higher consumption of the more expensive diamond wire when slicing mc-Si than in slicing 
of mono-Si. It has been reported that more new wire has to be continuously fed into the 
active cutting zone in diamond wire sawing of mc-Si to ensure cutting effectiveness and to 
prevent wire breakage and resulting loss of productivity [15]. This suggests that wear of 
the diamond wire is greater when cutting mc-Si than when cutting mono-Si. This is likely 
due to the differences in material properties of mono- and mc-Si. Multi-crystalline silicon 
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is characterized by greater material inhomogeneity compared to the more uniform mono-
Si material, and this inhomogeneity is expected to influence the wear behavior of diamond 
abrasives [13, 70, 71, 141-143].  
Prior work on the wear of diamond wire in slicing of mono-crystalline silicon shows 
that it is characterized by blunting, brittle fracture, and pull-out of diamond grits from the 
electroplated Nickel coating on the stainless steel wire [9]. During initiation of the cutting 
process, ‘break-in’ of the diamond occurs [76]. Limited evidence of graphitization of 
diamond attributed to the high stresses acting on the diamond wire when slicing mono-Si 
has been reported [79]. Wear of diamond due to tribologically induced phase 
transformation has been reported [144]. Wire dynamics and spooling of the wire can also 
scratch the electroplated nickel coating, which can be prevented by recently developed wire 
spooling solutions [82]. Based on the wire sawing conditions used, researchers have shown 
reduction in the diamond density with increase in contact length [77]. Studies of single 
crystal diamond tool wear in machining (turning) of semiconductor grade mono-Si material 
show that gradual wear of the single crystal diamond tool occurs in ductile mode cutting 
while micro-chipping of the diamond occurs in brittle mode cutting [85]. Wear of diamond 
during die separation of microelectronics MEMS devices has been also reported [83]. The 
crystallographic orientation of single crystal diamond tools is known to influence the wear 
of diamond tools, as seen in prior studies of diamond turning [86], and in scratching with 
diamond tools of specific crystallographic orientations [87]. However, the crystal 
orientations of diamond grits in a fixed abrasive diamond wire are not controlled, especially 
since the grits are produced by milling of natural or synthetic diamond. Molecular 
Dynamics (MD) simulations of scratching of a softer material such as silica have shown 
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the wear of diamond to be due to the breaking of C-C bonds [88], which is attributed to 
mechano-chemical mechanisms of wear. Wear of a diamond AFM tip when sliding on 
softer silicon has been reported [90]. In nanoscale cutting of silicon wafer by diamond 
turning, XPS analysis of the cut grooves revealed the formation of silicon carbide and 
diamond-like carbon particles with corresponding scratching and grooving wear of the 
diamond tool [84]. MD simulations of single point diamond turning of silicon also 
suggested the formation of silicon carbide [91]. However, Raman spectroscopy of abrasive 
grits used in the diamond wire sawing of silicon have not shown any evidence of silicon 
carbide formation [79]. 
The existing knowledge of diamond wear in scribing and diamond turning of silicon 
is not adequate to explain the higher wire consumption in fixed abrasive diamond wire 
sawing of mc-Si compared to sawing of mono-Si. Hence, an investigation of diamond wire 
wear in scribing of multi-crystalline silicon is needed.  
This chapter analyzes the wear of a diamond indenter in scribing of mc-Si through 
constant depth of cut scribing experiments. For comparison, scribing experiments on 
mono-Si material are also analyzed. In the next section, the experimental details of the 
study are presented. This is followed by the results and discussion. The chapter concludes 
with a summary of the key findings.   
5.2 Experimental details 
Mono- and mc-Si blocks (25 mm × 10 mm × 10 mm) with mirror polished (0.054 
± 0.015 µm) parallel and flat surfaces were used as substrates in the diamond scribing 
experiments. Scribing experiments serve as lab-scale models of the actual diamond wire 
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sawing process, which slices silicon through a mix of ductile and brittle material removal 
mechanisms [23, 55, 145]. To compare the wear of diamond due to differences in the 
structure and properties of mono and mc-Si, we used two 120° included angle diamond 
tipped conical indenters (J&M Diamond Tools) with nominally identical geometries. The 
cone angles of the indenters used are representative of the actual abrasives in the fixed 
abrasive diamond wire [141].  
All scribes were 20 mm in length and were made under dry ambient conditions at 
a constant depth of 10 m and a scribing speed of 100 mm/min (Figure 5.1a). Since the 
focus of the chapter is on understanding the effect of the material (mc-Si versus mono-Si) 
on diamond wear, the scribing speed was not varied. The silicon blocks were fixed to a flat 
aluminum baseplate bolted to a three-component piezoelectric force dynamometer (Kistler 
9256C), which was mounted on a computer-controlled X-Y-Z motion platform (Aerotech 
ANT-4V) (Figure 5.1b). The force dynamometer detected the initial contact of the scriber 
tip with the silicon surface, and measured the instantaneous X-Y-Z forces produced during 
scribing.  
We inspected the diamond indenters in a confocal microscope (Olympus LEXT), 
which was used to measure the radius of curvature of the indenter tip at regular intervals 
during scribing. The diamond indenters were imaged using a scanning electron microscope 
(Hitachi 8230 SEM). Each indenter was imaged after scribing distances of 0 mm (new), 
140 mm, 200 mm, 260 mm, and 320 mm. Care was taken to ensure that the same face of 
the indenter was used to generate the entire scribe and this same face was inspected. Raman 
spectroscopy was performed on the diamond tips using a Thermo Fischer Raman 
spectrometer to detect stress-induced phase transformation and graphitization during the 
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scribing process. The excitation wavelength of the laser in the Raman spectrometer was 
785 nm with a surface penetration of ~0.5-0.6 µm, estimated spot size of 1.6 µm and a 
spatial resolution of ~1 µm, which is smaller than the radius of curvature of the diamond 
tips. An objective of 50X was used to collect data, with scans from 736 to 1790 cm-1. The 
Raman laser’s exposure time was 5 seconds, with 5 sample exposures used to average the 
data for each point investigated. 
 
Figure 5.1: (a) Scribing of silicon by diamond tipped indenter, (b) Scribing setup. 
5.3 Results 
A comparison of the average resultant force obtained in each scribe produced in the 



















5.3.1 Comparison of Forces 
The average resultant force for mc-Si and mono-Si are shown as a function of the 
distance scribed in Figure 5.2a. It can be seen that the average resultant force for mc-Si is 
almost always higher than for mono-Si. Figure 5.2b shows a box plot of the measured 
resultant force for the two materials. It can be seen that scatter is larger for mc-Si than for 
mono-Si, which is indicative of the greater inhomogeneity in material properties of mc-Si 
due to the presence of grain and twin boundaries, and inclusions [13]. The median force 
for mc-Si is also higher than for mono-Si for the same scribing conditions. The differences 
in the mean scribing forces are attributed to differences in the material properties of mono 








Figure 5.2: (a) Average resultant force for the two materials as a function of scribing 


























5.3.2 Wear of Diamond Indenter 
The surface morphologies of the diamond indenters after scribing mc-Si and mono-
Si for the specified distances are shown in Figure 5.3. In the following, for convenience, 
we refer to the indenter used to scribe mc-Si as the “mc-Si tool” and the indenter used to 
scribe mono-Si as the “mono-Si tool”. As can be seen in Figure 5.3b and 3f that after 
scribing for 140 mm both mc-Si and mono-Si tools show evidence of wear. The mc-Si tool 
(Figure 5.3b) shows clear evidence of blunting of the tip as well as the formation of a trench 
produced by micro fracture and located below the tip. The mono-Si tool shows less 
pronounced tip rounding than the mc-Si tool. Evidence of micro fracture, while present in 
the mono-Si tool as well, is more scattered. After 200 mm of scribing, the mc-Si tool 
surface shows growth of the trench, which now extends from the left to the right of the 
indenter face (Figure 5.3c). The mono-Si tool shows fractured ridges with notches 
appearing on two sides of the tool as seen in Figure 5.3g. While the increases in tip radii 
and micro fracture of the scribing surfaces of the two tools are not that pronounced in going 
from 200 mm to 260 mm of scribing, they are more evident after 320 mm of scribing (see 
Figure 5.4). Figure 5.4 also shows the different types of diamond fracture evident in the 
morphologies of the micro fractured surfaces of the diamond tools. Two types of micro 
morphologies are exhibited by the diamond surfaces - the mc-Si tool shows a typical 
cleavage fracture with hackly (jagged) fractures and a ridged pattern in the trench, while 
the fractured surface pattern in the upper part of the mono-Si tool is consistent with the 
“river pattern” reported by Lawn [147] and Hull [148]. Both tools showed the hackly 




Figure 5.3: Wear progression of the indenters during scribing of mc-Si (a through d) and 
mono-Si (e through h) as a function of scribing distance. 
(a) mc-Si: 0 mm (e) mono-Si: 0 mm 
(b) mc-Si: 140 mm 
(c) mc-Si: 200 mm 
(f) mono-Si: 140 mm 
(g) mono-Si: 200 mm 






Figure 5.4: Morphologies of micro-fracture patterns in the diamond indenters after 
scribing (a) mc-Si and (b) mono-Si. 
Figure 5.5 shows the change in radius of curvature of the tips of the mc-Si and 
mono-Si tools as a function of scribing distance. The error bars plotted represent one 
standard deviation of ten measurements made with the scriber. It is clear from the trend 
lines in the figure that while the tip radii increase with scribing distance (wear) for both 
tools, the rate of wear is higher for the mc-Si tool compared to the mono-Si tool. This 
further confirms the qualitative observations of tip blunting seen in the SEM images of 
Figure 5.3.  
(a) mc-Si: 320 mm (b) mono-Si: 320 mm 




Figure 5.5: Indenter tip radii for mc-Si and mono-Si tools shown as a function of scribing 
distance. The error bars represent one standard deviation of the tip radius measurements 
made on the scriber. 
5.3.3 Raman Spectra and State of Stress 
Raman spectroscopy was used to investigate possible graphitization and any change 
in the internal stress state of the diamond tools due to scribing. The Raman spectra for both 
tools before scribing (Figure 5.6) showed the T2g peak of diamond centered at 1332 cm-1. 
This peak is related to the T2g symmetric vibration of the sp3 carbon bond [149]. The 
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scribing and no evidence of graphite was found in the two tools. Therefore, any peak shift 
observed after scribing can be attributed to the effect of the scribing process.  
 
 
Figure 5.6: Raman spectra for tool after scribing in (a) mc-Si and (b) mono-Si. 
After scribing for 320 mm, the diamond peak in the Raman spectra exhibited shifts 
from the 1332 cm-1 peak of diamond [79] to peaks at 1334.4 cm-1 for the mc-Si tool and 
1334 cm -1 for the mono-Si tool. The classic D band peak for graphitic carbon is typically 
observed around 1350 cm-1 depending on the laser power used [150, 151]. The D band in 
disordered carbon systems is known to be produced by defects in graphite, whereas the G 
band (around 1580 cm-1) in graphitic materials is due to the E2g Raman active mode for 
sp2 hybridized carbon [152]. The D band spectra can be influenced by the surrounding zone 
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attributed to the formation of nano-crystalline graphite phase [153], which can form under 
high stress, as suggested by Yang et al. [79]. Moreover, the peak shift could also be 
attributed to residual stress introduced in the diamond by the scribing process [154, 155]. 
For phase transformation to occur, a combination of hydrostatic stress and shear stress is 
required [154]. Prior research shows that a shear stress of 95 GPa is required for 
graphitization to occur [156]. Evidently, our experiments did not produce such high shear 
stresses. However, as suggested by Yang et al. [79], in actual diamond wire sawing 
repeated interactions of the abrasive with the silicon can create a cumulative effect, giving 
rise to sufficiently high shear stresses that can cause graphitization. 
The Raman spectra for both mc-Si and mono-Si tools showed a positive shift in the 
diamond T2g peak, which implies compressive residual stresses generated by the scribing 
process [157]. To quantify the residual stress in the diamond tools, we used Hemley’s 
model [158] given by the following equation, which is valid for non-hydrostatic conditions, 
where vd is the peak location (cm
-1) and P is the pressure in GPa:  
𝑣𝑑 = 1332.6 + 1.294𝑃 − 0.0062𝑃
2 
Using the above model, we obtained the residual stress to be 1.087 GPa for mono-
Si and 1.400 GPa for mc-Si. We use another model adapted from Gogotsi et al. [154] for 
calculating the residual stress from the maximum shift of the diamond band (13 cm-1), 
which corresponds to a compressive residual stress of 8 GPa (1.625 cm-1/GPa). This model 
yielded residual stresses of 1.18 GPa and 1.47 GPa for mono-Si and mc-Si, respectively.  
The residual stresses signify that under combined loading of hydrostatic and shear stresses 
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(during scribing) the diamond indenters undergo phase transformation, which gives rise to 
the residual stress. 
The observed peak shifts suggest compressive residual stresses in the diamond tips 
due to stress-induced phase transformation. However, the differences in the peak shifts for 
the mc-Si and the mono-Si diamond tools are small. This is attributed to the relatively short 
scribing distance used in the experiments reported here. It is expected that with longer 
scribing distances (on the order of kilometers), the differences in the peak shifts for the two 
cases will be more pronounced. 
5.4 Discussion 
Several mechanisms have been hypothesized for diamond wear, with the 
predominant wear mechanism depending on the cutting conditions. As seen in prior 
research on ultraprecision diamond turning [84-86], diamond (groove) wear can occur (1) 
due to mechanical abrasion from hard particles such as inclusions in the multi-crystalline 
silicon material, (2) due to adhesion at the high pressure micro-scale contact between 
silicon and diamond, and (3) due to diffusion of carbon from the diamond to silicon based 
on mechano-chemical effects. Mechanisms of mechanical (non-thermal) wear of abrasive 
bonded grinding wheels include (1) attritious wear (wear flat development) [159], (2) 
micro-fracture, (3) macro-fracture, and (4) pull-out and loss of abrasives [160, 161].  Our 
scribing results suggest that wear of the diamond abrasive is primarily by mechanical 
abrasion resulting in micro-fracture of the diamond. In our experiments, the high localized 
stresses in the micro-scale contact region cause micro-fracture and chipping of the 
diamond. Our micro-fracture patterns are similar to those reported by Lawn et al and Hull 
 92 
et al. [147, 148], and more recently in work on diamond scratching of tantalum-tungsten 
(Ta12W) high hardness (3 GPa) alloy [87]. For multi-crystalline silicon, the scribing forces 
are higher due to the grain/twin boundaries and inhomogeneity in the local material 
properties in comparison to mono-crystalline silicon. Comparing the hardness of silicon 
(9-12 GPa [121, 162]), to the hardness of silicon carbide (20-30 GPa [163]) and silicon 
nitride (20-35 GPa [164]), multi-crystalline silicon with impurities is expected to produce 
higher cutting forces in DWS, as confirmed by our scribing results. Assuming a similar 
area of contact of the indenters used to scribe mono and mc-Si, diamond wire sawing of 
mc-Si is expected to be characterized by higher applied stress, which can cause phase 
transformation and greater wear of the diamond abrasives. 
Zong et al.’s XPS measurements on the mono-Si surface produced by ductile mode 
machining in diamond turning showed evidence of silicon carbide (SiC) [84], which was 
explained by the diffusion of carbon atoms from diamond to silicon. This experimental 
observation was also predicted by MD simulations, which yielded sp3-sp2 disorder of 
diamond [91]. However, our XPS measurements did not find any evidence of SiC in either 
the silicon grooves or on the surface of the diamond indenters, which agrees with the results 
of prior work [79]. There are two possible reasons for lack of SiC formation in our tests. 
First, unlike in diamond turning, our scratches are characterized by brittle fracture, which 
hinders the carbon diffusion mechanism responsible for SiC formation [84]. Second, the 
tool-workpiece contact length in diamond turning is much larger (~kilometers), and is 
therefore difficult to replicate in our scratching tests. 
It should be noted that under practical diamond wire sawing conditions, which are 
characterized by higher wire speeds (10-20 m/s), the effect of process dynamics (e.g. wire 
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vibration) will influence the abrasive-silicon interaction and hence wear of the diamond. 
Nevertheless, the differences in wire wear due to silicon structure (mc-Si versus mono-Si) 
observed in the current study are still expected to be observed in the actual wire sawing 
process.  
The higher scribing forces observed in mc-Si are possibly due to the inhomogeneities in 
the mc-Si material. While prior work has shown the effect of crystal orientation on the 
scribing of bulk single crystal silicon to be significant [31], the effect of grain orientation 
on the scribing behavior of a cast mc-Si material containing multiple grains of different 
orientations, along with other crystal defects such as twin and grain boundaries, 
dislocations, and inclusions, is not known.  Some work on the effect of crystal defects such 
as dislocation clusters on the intra-granular scribing behavior in quasi-mono and mc-Si 
wafers has been reported. This work shows that regions of higher dislocation density within 
a grain are correlated with higher fracture toughness (and higher local fracture strength 
[70]) and a larger critical depth of cut [69]. These prior findings and the current scribing 
results suggest that the influence of defect structures such as dislocation clusters dominate 
the scribing response in the grain interior, thereby masking the influence of crystal 
orientation differences. Further work is required to confirm this possibility. 
The increase in forces in the single grit scribing experiments on mc-Si can be 
translated to diamond wire sawing, where the increased forces can delaminate or pull-out 
the diamond grits. Grit loss would lead to the sawing forces being distributed on even fewer 
grits in the cutting zone in the kerf, leading to even more increased force on grit, and the 
silicon, thus increased wear of the diamond wire, or worse causing wire breakage and 
stalling production. Increased force per grit would also lead to deeper micro-cracks in the 
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sawn wafers [9], which can lower the manufacturing yield of wafers. The wear rate of 
diamond when cutting multi-crystalline silicon by diamond wire sawing can be reduced by 
engineering the silicon ingot to lower its impurity and inclusion content and by reducing 
the number of grain/twin boundaries. This would also improve the electrical properties of 
the mc-Si solar cells produced using the sliced substrates. Future work will consider these 
aspects. 
5.5 Conclusions 
The chapter investigated the wear of diamond in scribing of multi-crystalline silicon 
with the aim of understanding the underlying reasons for increased wire consumption in 
diamond wire sawing of multi-crystalline silicon wafers. The results were compared with 
those obtained in scribing of mono-Si material. The scribing results showed that the 
scribing forces for mc-Si are higher than for mono-Si, reflecting the influence of localized 
defects in mc-Si such as grain and twin boundaries, and inclusions. Results showed micro-
fracture of the contacting face of the diamond tips, and a higher rate of increase in the 
radius of curvature of the diamond tip when scribing mc-Si. Although no evidence of 
graphitization of the diamond indenters was found, the residual stress detected in the 
diamond indenters suggests some phase transformation took place. 
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CHAPTER 6. THE CHEMO-MECHANICAL EFFECT OF 
CUTTING FLUID ON MATERIAL REMOVAL IN DIAMOND 
SCRIBING OF SILICON 
The mechanical integrity of silicon wafers cut by diamond wire sawing depends on 
the damage (e.g., micro-cracks) caused by the cutting process. The damage type and extent 
depends on the material removal mode i.e. ductile or brittle. In this chapter, we investigate 
the effect of cutting fluid on the mode of material removal in diamond scribing of single 
crystal silicon, which simulates the material removal process in diamond wire sawing of 
silicon wafers. We conducted scribing experiments with a diamond tipped indenter in the 
absence (dry) and in the presence of a water-based cutting fluid. We found that the cutting 
mode is more ductile when scribing in the presence of cutting fluid compared to dry 
scribing. We explain the experimental observations by the chemo-mechanical effect of the 
cutting fluid on silicon, which lowers its hardness and promotes ductile mode material 
removal. 
6.1 Introduction  
Diamond wire sawing (DWS) is increasingly the preferred process for high volume 
production of photovoltaic (PV) crystalline silicon wafers [3]. A current challenge faced 
by the PV industry is the breakage of wafers when processing bare wafers into solar cells. 
Research suggests that the breakage rates of crystalline silicon photovoltaic wafers are 
greatly impacted by the surface and subsurface damage produced in the DWS process [9, 
165, 166]. Hence, reducing surface and subsurface damage by enhancing ductile mode 
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material removal of brittle silicon is a goal being pursued by researchers [10, 55]. The 
cutting mode of silicon is known to be influenced by the sawing process parameters such 
as wire speed and workpiece feedrate, by the abrasive properties (shape, size, 
concentration) [141], and by the material properties (mono- vs. multicrystalline silicon). In 
DWS, a water-based cutting fluid is used primarily as a coolant for cutting the silicon ingot 
with 8-20 m average diameter diamond abrasives attached to a high carbon steel wire 
with nickel coating. In this chapter, we investigate via diamond scribing experiments an 
unexplored aspect of the role of cutting fluid, namely, the effect of cutting fluid on the 
mode of material removal (ductile versus brittle) in diamond wire sawing of mono-
crystalline silicon (mono-Si). 
Material removal in DWS is due to a combination of scratching and indentation 
processes, with the former process playing a more dominant role. Hence, DWS can be 
simulated by diamond scribing experiments Figure 6.1(a-b) [55, 141]. In general, the 
silicon wafer surface is characterized by a mix of ductile and brittle material removal modes 
[9, 10]. We report here the results of scribing studies performed with a diamond tipped 
indenter scribing a micro-electronic grade monocrystalline (100) silicon wafer in air (dry 
scribing) and in the presence of an industrial grade cutting fluid used in the DWS process. 
The observations are explained in terms of the chemo-mechanical effect of the fluid on the 





6.2 Experimental procedure 
6.2.1 Scribing Tests 
Microelectronic grade double-side polished monocrystalline (100) silicon wafers 
were diced into small 10 mm x 25 mm coupons, which were used as substrates in the 
diamond scribing tests. The scribing direction was [110]. Scribing was performed using a 
conical tipped diamond scriber with a 90° included angle. The scribes were of gradually 
increasing depth of cut ranging from 0 to 5 µm over a length of 5 mm (Figure 6.1b). We 
used increasing depth of cut scribes to identify the critical depth of cut for ductile-to-brittle 
transition, which is defined as the depth of cut at which the mode of material removal 
transitions from ductile to brittle, and is characterized by the appearance of surface cracks. 
The diced silicon wafer coupons were fixed to a flat aluminum baseplate bolted to a three-
component piezoelectric force dynamometer (Kistler 9256C), which was mounted rigidly 
on computer-controlled stacked X-Y-Z motion stages (Aerotech ANT-4V) (Figure 6.1c). 
The dynamometer enabled the detection of initial contact of the scriber with the silicon 
wafer and was also used to measure the dynamic forces generated in the scribing 
experiments.  
All scribing experiments were performed at room temperature and at a constant 
scribing speed of 100 mm/min. First, we carried out dry scribing tests. Next, we flooded 
the top of the wafer sample with water-based cutting fluid a few seconds before scribing 
(Figure 6.1d). This procedure was repeated for each case: dry and with water-based cutting 
fluid. We made 3 to 4 scribes for each test condition to ensure repeatability of the results. 
For the cutting fluid tests, we used a commercial grade DWS coolant (Ambercut DWC-35) 
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mixed with 97% water by volume (97 ml of water and 3 ml of concentrated cutting fluid). 
Ambercut DWC-35 is a fixed abrasive wire slicing coolant that is a mixture of synthetic 
surfactants diluted in water to produce a biodegradable water-based cutting fluid.  
6.2.2 Surface Characterization 
The critical depth of cut for ductile-to-brittle transition in an increasing depth of cut 
scribing test was determined through optical confocal microscopy (Olympus LEXT). The 
scribe morphology was observed in an optical microscope (Leica DVM6). For selected 
scribes, we obtained higher resolution images using a scanning electron microscope 
(Hitachi 8230 SEM). Micro-Raman spectroscopy was performed on selected scribes using 
a Renishaw InVia Raman spectrometer to determine the phase of silicon in the scribed 
grooves. The wavelength of the laser in the micro-Raman spectrometer was 488 nm with a 
surface penetration of ~0.5-0.6 µm and a spatial resolution of 1 µm, which is smaller than 
the width of the scribes.  
6.2.3 Zeta Potential Measurements 
The zeta potential of the cutting fluid in the presence of silicon was characterized 
in a Malvern Zetasizer (Nano ZS). This instrument uses solid particles of the 
monocrystalline silicon wafer ranging in size from 0.6 nm to 6 m dispersed in the water-
based cutting fluid to measure the zeta potential. Monocrystalline silicon wafer coupons 
diced from the same silicon wafer utilized in the scribing experiments were cleaned using 
acetone and air-blasted to remove any contamination before crushing them into fine 
powder using a mortar and pestle. The silicon powder was then dispersed in the water-
based cutting fluid. The resulting mixture was sonicated in a water bath for 30 minutes. 
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The sonicated mixture was not a true suspension since a few silicon particles settled at the 
bottom of the beaker when the solution was extracted from the sonicator. Therefore, for 
the zeta potential measurements, the sonicated mixture was sampled from the top to 
minimize the inclusion of large particles of silicon. The sonicated silicon-fluid mixture was 
subjected to an applied electric field of 5V in an electrophoresis cell, and the method of 
electrophoretic light scattering was used to determine the zeta potential.  
 
Figure 6.1: (a) Cutting action in diamond wire sawing, (b) scribing of silicon by diamond 
tipped indenter, (c) scribing setup, (d) cutting fluid on top of sample before scribing. 
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6.3 Results and Discussion 
Figure 6.2a shows a representative optical image of the scribes obtained in dry 
scribing and in the presence of the cutting fluid. Note that although the X-coordinates of 
the starting locations of all scribes were the same, the scribe made in the presence of the 
fluid shows evidence of brittle fracture (dark line) after a longer scribing distance than the 
dry scribe. Specifically, the average distance to transition from ductile to brittle cutting 
during dry scribing was 1.27 mm compared to 1.75 mm for scribing with cutting fluid. The 
average critical depth of cut was greater in the scribes made with cutting fluid compared to 
the dry scribes (Figure 6.2b). For the same travel distance of approximately 1.50 mm from 
the start of the scribe, the SEM images (Figure 6.2c and d) showed more ductile 
deformation of silicon in the presence of the cutting fluid than in dry scribing. Raman 
spectra of the scribed grooves after ductile-to-brittle transition are shown in Figure 6.3. 
Even though silicon is a brittle material, it is known to undergo stress-induced phase 
transformation from Si-I to β-Sn and other phases such as Si-III, Si-XII, and amorphous 
silicon, depending on the unloading rate [57]. Raman spectra of the dry scribe showed a 
prominent crystalline Si-I peak around 520 cm-1. In comparison, the scribe made with the 
cutting fluid showed a Si-III peak (470 cm-1) and broad peaks of amorphous silicon (a-Si) 
in addition to the Si-I peak, thus indicating evidence of phase transformation and ductile 
mode material removal. It is therefore evident that the cutting fluid enhances ductile mode 





Figure 6.2: (a) Representative scribes obtained in dry scribing and in scribing with water-
based cutting fluid, (b) box plot of the critical depths of cut for the dry and cutting fluid 
cases; SEM images of the scribes after approximately 1.50 mm of travel (c) for dry, and 



















Figure 6.3: Raman spectra of scribes: (a) dry, and (b) cutting fluid. Measurements were 
made inside the grooves after ductile-to-brittle transition. 
Figure 6.4 shows the normal (Z) and the tangential (X) force profiles, plotted 
against the scribing distance. As expected, the scribing forces are seen to increase with 
increasing depth of cut. The initial smooth increases in the forces correspond to the ductile 
portion of the scribes. The transition to brittle material removal is marked by rapidly 
varying forces. Considering that the rate of increase in the scribing depth is the same for 
the two cases, scribing with the cutting fluid exhibited brittle fracture after a larger scribing 
distance, and hence at a higher scribing depth, as seen from the critical depth of cut data 
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Figure 6.4: Normal (Z) and tangential (X) scribing forces in (a) dry scribing, and (b) 
scribing with cutting fluid.  
Fluids are known to influence the mechanical properties of solids they are in contact 
with. Prior work investigated the effects of ethanol, acetone, and deionized water in 
constant-depth scribing of monocrystalline (111) silicon [98-101]. Various theories have 
been proposed to explain this “chemo-mechanical effect”. Research on chemo-mechanical 
effects dates back to the 1920s when Rebinder’s theory of reduction in the hardness of 
solids due to adsorbed chemical species was proposed [102]. Later, Westwood [103] found 
the hardness of a solid and the zeta potential of the fluid in contact with the solid to be 
correlated. Zeta potential is the electrostatic potential between the Stern layer of the double 
layer at the liquid-solid interface and the bulk solution [105]. Westwood showed that a zero 
zeta potential corresponds to the maximum hardness of very brittle non-metals [103]. Yost 
and Williams [105] found that when intrinsic and doped (n- and p-type) silicon are exposed 





zeta potential. Yost and Williams explained that the change in hardness with zeta potential 
is due to the surface charges, which affect the near-surface mobility of dislocations. This 
explanation is based on prior work where charges produced by electronic doping 
influenced the dislocation velocities [106] and dislocation kink formation [107]. In another 
study, Westbrook and Gilman [108] reported softening of silicon by 60% during 
indentation in the presence of a small potential between the silicon surface and the indenter. 
Therefore, in the following, we use the theory of chemo-mechanical effects to explain our 
experimental results.  
We made zeta potential measurements on single crystal (100) silicon particles 
dispersed in water (indicative of atmospheric moisture, as our dry scribing tests were 
performed in ambient conditions), and in the cutting fluid. Figure 6.5 shows the zeta 
potential for the cutting fluid in contact with silicon is more negative compared to water. 
Vickers micro-hardness measurements showed a reduction in the hardness of silicon in the 
presence of the cutting fluid (7.32 ± 0.50 GPa), compared to without the cutting fluid (dry) 
(8.80 ± 0.47 GPa). The difference in the mean hardness for the two cases is statistically 
significant within a 95% confidence interval. The zeta potential and hardness results 
support the theory that the cutting fluid lowers the hardness of silicon, which causes more 
ductile mode material removal, and hence yields a larger critical depth of cut than dry 
scribing.  
A possible reason to explain the results obtained for scribing under dry conditions versus 
with cutting fluid could be the differences in the friction coefficient for the two cases. 
However, the difference in the measured mean coefficients of friction µ (0.41 in dry 
scribing and 0.39 with cutting fluid) were found to be not statistically significant. Another 
 105 
possible explanation of the results could be the reduction in normal load acting on the 
silicon surface due to part of the load being borne by the cutting fluid. However, this 
explanation is unlikely since the cutting fluid is not confined in the experiments and 
therefore the pressure buildup in the fluid is likely to be low. Consequently, the observed 
critical depths of cut and changes in surface hardness are attributed to the chemo-
mechanical effect of the cutting fluid.  
 
 





In summary, this chapter presented the results of an experimental study of the 
effects of a water-based industrial grade cutting fluid (Ambercut DWC-35) on the mode of 
material removal in diamond scribing of single crystal (100) silicon. The scribing process 
simulates the abrasive-workpiece interaction in diamond wire sawing. We found that the 
water-based cutting fluid, which is used in the diamond wire sawing process for lubrication 
and cooling, also promotes ductile mode material removal. We explained the results 
obtained in our dry scribing experiments and in the cutting fluid experiments using the 
chemo-mechanical effect theory. The fluid-silicon combination yielded a more negative 
value of the zeta potential and a corresponding reduction in the hardness of silicon, which 
caused more ductile material removal. These results suggest that, in addition to their 
cooling and lubrication properties, cutting fluids also influence the cutting mode in 
diamond wire sawing of silicon. Nominally, brittle mode removal would be desirable at 
the bottom of the kerf to maximize material removal rate, while ductile mode removal 
would be desirable on the sides of the kerf to minimize surface and subsurface damage. 
This suggests a trade-off in the cutting fluid’s role in diamond wire sawing. 
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CHAPTER 7. CONCLUSIONS AND RECOMMENDATIONS 
This chapter summarizes the major contributions and conclusions of this 
dissertation, and suggests related areas of research for further work. 
7.1 Major Contributions 
The major contributions of this dissertation are as follows: 
• Development of a wire scribing technique for the fundamental understanding 
of the effect of actual diamond shapes on surface and subsurface damage 
generation in fixed abrasive wire sawing process. 
• Fundamental understanding of the role of grain boundaries, twin boundaries, 
and material properties (e.g. fracture toughness) on diamond wire sawing of 
multi-crystalline silicon (mc-Si). 
• Understanding of the effect of wear of diamond wire on surface and 
subsurface damage in sliced monocrystalline silicon (mono-Si) wafers.  
• A first understanding of the reasons for increased wear of diamond in cutting 
of mc-Si. 
• Fundamental understanding of the effect of cutting fluid on the material 
removal mode in diamond wire sawing of mono-Si.  
7.2 Major Conclusions 
The major conclusions of this dissertation in each of the following topics are: 
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7.2.1 Effect of Grit Shape and Crystal Structure on Damage in Diamond Wire Scribing 
of Silicon 
A new diamond wire scribing method was designed and implemented on mono and 
mc-Si to investigate the effect of actual grit shapes present in an industrial grade fixed 
abrasive diamond wire. The key conclusions are: 
• The grit shape significantly affects the scribe morphology. In the brittle 
cutting regime, the sharper grit produced radial-chevron surface cracks, while 
the rounder grit produced horseshoe-like surface cracks.  
• For a given material (mono or mc-Si), different grit shapes yield different 
critical depths of cut because of differences in the resulting stress states 
produced in the material. 
• Qualitatively, the same grit shape produced scribes with similar surface 
morphology in both mono and mc-Si. 
• In mc-Si, scribing across the twin and grain boundaries yielded differences in 
the morphology (specifically, cracking frequency) in the vicinity of the 
boundaries, but yielded similar morphologies away from the boundaries. 
• Away from the twin and grain boundaries, the scribe morphology was more 
dependent on the grit shape than on crystallographic orientation. 
• The subsurface cracks depend on the combination of grit shape and material 
(mono- or mc-Si).  
• In general, the subsurface crack depths produced in mc-Si are larger than in 
mono-Si due to the presence of more defect sites in mc-Si.  
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7.2.2 Effect of Wear of the Diamond Wire on Surface Morphology, Roughness and 
Subsurface Damage of Silicon Wafers 
The effects of fixed abrasive diamond wire wear on the surface morphology, 
roughness, and subsurface damage of (100) mono-crystalline silicon wafers were analyzed 
by characterizing the silicon wafers and the diamond wires at different levels of wire wear 
(new vs. used). Scanning electron microscopy (SEM), Raman spectroscopy, confocal 
microscopy, Focused Ion Beam machining (FIB), and biaxial flexure were used to evaluate 
the surface morphology, areal surface roughness, and subsurface cracks. The following 
conclusions are derived from the study:  
• Wire wear significantly affects the wafer surface morphology; the wafer 
surfaces cut by a new wire showed mostly brittle fracture, while the wafer 
surfaces cut by the used wire showed more ductile cutting. 
• The average surface roughness and its scatter decreased with wire wear.  
• Wire wear significantly affects subsurface damage. Wafers cut with the new 
wire had more subsurface lateral cracks per unit length than wafers cut with 
the used wire; however, wafers cut with the used wire had comparatively 
more median cracks.  
• The worn diamond abrasive grits are characterized by rounding and blunting, 
with some instances of grit fracture and pull-out.  
• The mean fracture strength of the wafers cut by the used wire is lower due to 
median cracks, which promote failure of the wafer at a lower stress level.  
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7.2.3 Wear of Diamond in Scribing of Multi-crystalline Silicon 
The effect of multi-crystalline silicon on the wear of diamond abrasives was studied 
by scribing mc-Si with a conical diamond tipped indenter, to understand the possible 
reasons for increased diamond wear in cutting of multi-crystalline silicon. For comparison, 
similar experiments were performed on mono-Si material as well. Specifically, the scribing 
forces and the diamond indenter wear produced in scribing of the two materials were 
analyzed. The study yielded the following conclusions:  
• The scribing forces for mc-Si are higher than for mono-Si, reflecting the 
influence of localized defects such as grain and twin boundaries, and 
inclusions in mc-Si.  
• The wear of diamond abrasives in scribing of both mono and mc-Si occurs by 
micro-fracture of the contacting faces of the diamond tips with typical hackly 
and river-like fracture patterns. 
• The rate of increase of the radius of curvature of the diamond tip is higher for 
scribing mc-Si than for mono-Si. 
• The stresses generated in scribing produce residual stresses in the diamond 
tips, which are attributed to stress-induced phase transformation of diamond. 
However, no evidence of graphitization of the diamond indenter tips was 
found. 
• The observed compressive residual stresses in the diamond are slightly higher 
for scribing of mc-Si versus mono-Si.  
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7.2.4 The Chemo-mechanical Effect of the Cutting Fluid on Material Removal in 
Diamond Scribing of Silicon 
The effect of a water-based cutting fluid used in diamond wire sawing on the mode 
of material removal in diamond scribing of single crystal silicon was investigated. Scribing 
experiments were conducted with a diamond tipped indenter in the absence (dry) and in 
the presence of the cutting fluid. The key conclusions from the study are as follows: 
• The critical depth of cut for ductile-to-brittle transition is higher in the presence 
of the cutting fluid. 
• The cutting fluid during scribing promotes brittle-to-ductile phase 
transformation of silicon. 
• The chemo-mechanical effect of the cutting fluid in contact with silicon 
explains the reduction in hardness and increased ductility of silicon. 
Specifically, the more negative zeta potential of the cutting fluid creates surface 
charges that affect the near-surface mobility of dislocations and hence promotes 
ductile material removal. 
7.3 Recommendations for Future Work 
The results of the fundamental studies presented in this thesis can be used to 
optimize the diamond wire sawing process of silicon by reducing the surface and 
subsurface damage and diamond wear. Potential topics for future research are as follows: 
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• Develop methods for manufacturing the desired shapes of diamond abrasives 
and methods for their incorporation into the actual diamond wire to minimize 
the surface and subsurface damage without compromising productivity. 
• Develop methods to engineer the microstructure of mc-Si material to reduce 
the wear of the diamond wire. 
• Investigate the effect of the chemical composition of the cutting fluid to 
promote ductile mode material removal in diamond wire sawing of silicon. 
• Since the actual process in wire sawing involves cutting by a large number of 
abrasives of different sizes and shapes (and their protrusions), modeling of the 
DWS process using statistical distributions of the abrasive shapes and sizes can 
be investigated. 
• Investigate the effect of micro-level parameters like abrasive grit shapes, 
grain/twin boundaries on macro-level responses such as wire vibration using 
analytical and experimental methods. 
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